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I, JOSEPH P. HAMMANG, hereby declare and state as follows: 



1 . I received my B.S. and M.S. (Zoology) degrees from the University of Wisconsin, 
Oshkosh, Wisconsin in 1980 and 1982, respectively. I received my Ph.D. (Neuroscience) from 
the University of Wisconsin, Madison, Wisconsin in 1990, I am a named inventor on this 
application. I have been v^orking in the field of cell and molecular neurobiology and with myelin 
mutant animals since 1982, and working with neural stem cells since 1991. 

2. I understand that the pending claims are directed to methods for transplanting neural stem 
progeny into a host. 



3. I am aware of the Examiner's January 31, 2001 Final Office Action. In particular, I 
understand that the Examiner has rejected the pending claims under 35 U.S.C. §112 contending 
that "[t]he claims are not enabled because the transplantation of multipotent neural stem cell 
progeny into a host has not been demonstrated to provide any therapeutic benefit to the host." 

4. I make this declaration to rebut the Examiner's rejection, with which I do not agree. In 
view of the express statements in the specification regarding transplantation of neural stem cell 
cultures and the voluminous experimental evidence that has been accumulated, in my opinion, 



the ordinarily skilled artisan would be able to routinely transplant the described neural stem cell 
cultures without undue experimentation. I am also of the opinion that although no therapeutic 
benefit is recited in the claims, that transplantation of neural stems into a host has been clearly 
demonstrated to confer a therapeutic benefit, and that the ordinarily skilled artisan would believe 
that such transplantation would provide a therapeutic benefit to the host. 

5. Prior to this invention, the operating dogma in neurobiology was that the brain was 
relatively quiescent, and that there was no "stem cell" that could be proliferated and then 
differentiated to form the three major cell types in the central nervous system (/.e, neurons, 
astrocytes and oligodendrocytes). The neural stem cells described for the first time in this 
invention, and the ability for the art (provided by the inventors here) to obtain proliferating 
cultures of those cells, has been widely hailed as a landmark in neurobiology. In fact, one of the 
early publications that describe this invention (Reynolds and Weiss, Science 255:1707-10 
(1992)), over 500 published references have cited to this seminal work. A copy of the search 
results demonstrating this is attached as Ex. 1 . A number of these publications demonstrate that 
a therapeutic benefit is conferred when neural stem cells are transplanted into a host. I will 
discuss these in detail below. I will also discuss below my comments on the Examiner's remarks 
concerning the Declaration that I submitted in December 2000. 

6. As a general matter, it is my view, based on my knowledge of the field and based on the 
voluminous citations to the inventors' work, that researchers of ordinary skill in the relevant arts 
clearly recognized the importance of the Applicants' invention and relied upon it in their 
subsequent work. In my opinion, the Applicants' invention discloses paradigm-shifting 
technology and is a vitally important finding in the field of neurobiology. I am of the firm view 
that the claimed methods for transplanting neural stem cells are enabled, and provide my detailed 
thoughts below. 

7. As I have stated in my December 2000 declaration, the specification expressly states that 
the neural stem cell cultures of this invention are particularly suited for transplantation, since, 
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until now, cultures of proliferating neural cells have not been available to the art. Further, with 
our invention, the tissue source is well-defined, reproducible, and is not derived fi-om an 
oncogene-immortalized cell line (thus being non-tumorigenic). See, specification, pg. 11, lines 
1 5-20. In fact, another of the named inventors. Dr. Baetge, has concluded that such neural stem 
cell cultures are "ideal" for nervous system transplantation. See, Baetge et al, 695 Ann N. Y. 
Acad. Sci., pp. 285-291 (1993). Multiple other workers in the field have reached the same 
conclusion. 

8. I reiterate that Applicants also expressly provided ample guidance in the specification 
about how to transplant CNS neural stem cells {see, specification, pg. 36, line 10, to pg. 42, line 
13; pg. 68, line 16, to pg. 69, line 18; pg. 78, line 17, to pg. 71, line 6; pg. 96, line 12, to pg. 97, 
line 28). Applicants even provided working examples of neural stem cell transplantation in 
various disease models, including, e.g., Huntington's disease, Parkinson's disease, and cardiac 
arrest. See, e.g., specification, pp. 96-101. By way of fiirther example, the instant specification 
teaches and discloses the types of diseases to which the invention is directed. {See pg. 40, lines 
9-18). The specification provides exemplary teaching of where to transplant the cells of the 
claimed invention. {See, e.g., pg. 38, lines 17-30). Further, the specification teaches and 
discloses how to monitor the transplanted cells. {See pg. 39, lines 16-31). Additionally, the 
specification teaches and discloses how to get the transplanted cells to proliferate in vivo. {See 
pg. 52, line 14 through page 47, line 26). In my view it cannot be disputed that the ordinarily 
skilled artisan, v^th the specification in hand, would be able to transplant neural stem cell 
cultures into a host; that is, the ordinarily skilled artisan would know how to use the invention as 
claimed. I do not believe that the Examiner disputes this; rather I believe that the Examiner is 
asking for additional proof that the ordinarily skilled artisan would believe that making such a 
transplantation would confer a therapeutic benefit. I have provided that proof below. 

9. For background, my December 2000 declaration detailed teachings in the specification 
relating to how to practice the invention, as well as providing forty-five (45) in vitro and in vivo 
examples relating to generation and use of neural stem cell cultures. Among these examples we 



3 



detailed various standard, well-accepted animal models of various human diseases, including, 
e.g., animal models for Parkinson's disease and Huntington's disease. Applicants also disclosed 
treatment of neurodegenerative disease using progeny of human neural stem cells proliferated in 
vitro; remyelination in myelin deficient rats using neural stem cell progeny proliferated in vitro; 
remyelination in human neuromyelitis optica; and remyelination in human Pelizaeus-Merzbacher 
disease. (See Specification, Examples 14-17). 

10. In my December 2000 declaration I noted that ( 1 ) that the transplanted neural stem cell 
cultures secrete cellular products which are capable of providing a therapeutic benefit to the host, 
and (2) that the neural stem cell cultures exhibit tissue-specific differentiation upon 
transplantation. In my view, either of these facts would inescapably lead the ordinarily skilled 
artisan to conclude that transplantation of such neural stem cell cultures would have a reasonable 
expectation of success in providing a therapeutic benefit to the host. I have supplemented my 
December 2000 comments on both of these points below. 

A. Transplantation of Neural Stena Cell Progeny 

According to the Claimed Methods For Delivery 
of Cellular Products Provides a Therapeutic Benefit 

11. As I stated in my December 2000 Declaration, Applicants' neural stem cell cultures have 
been shown to be a useful tool for delivery of secreted cellular products which provide a 
therapeutic benefit when transplanted into the host. I draw the Examiner's attention to three 
publications that demonstrate that transplantation of cultures of neural stem cells that have been 
genetically modified to secrete nerve growth factor ("NGF"), according to the claimed methods, 
provides a therapeutic benefit. 

12. Andsberg et al., "Amelioration Of Ischaemia-Induced Neuronal Death In The Rat 
Striatum By NGF-Secreting Neural Stem Cells", Euro. J. Neurosci., 10, pp. 2026-2036 (1998) 
(copy attached as Ex. 2) reports that transplantation of NGF-secreting neural stem cell cultures 
into the adult rat striatum following middle cerebral artery occlusion ameliorated the death of 
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Striatal projection neurons that would have otherwise died due to the ischaemic insult. This 
clearly demonstrates a therapeutic benefit of the claimed methods. 

1 3 . Carpenter et al, "Generation and Transplantation of EGF-responsive Neural Stem Cells 
Derived From GFAP-hNGF Transgenic Mice", Exp. Neurology, 148, pp. 187-204 (1997) (copy 
attached as Ex . 3) reports that transplantation of NGF-secreting neural stem cell cultures into the" 
adult rat striatum produced dense sprouting of p75 neurotrophin receptor-positive fibers 
emanating from the underiying basal forebrain - a significant morphological change compared to 
controls, which I believe would be considered a therapeutic benefit in hosts where such neuronal 
regeneration and sprouting were desired. I note that I am listed as an author on this paper, and 
that the claimed methods were used. The authors conclude that "[t]he use of neural stem cells for 
transplantation into the CNS offers a number of advantages over transplantation of primary tissue 
or other cell lines." See p. 202. This to me also clearly demonstrates a therapeutic benefit of the 
claimed methods. 

1 4. Kordower et al., "Grafts of EGF-responsive Neural Stem Cells Derived From GFAP- 
hNGF Transgenic Mice: Trophic and Tropic Effects in a Rodent Model of Huntington's 
Disease", J. Comp. Neurol., 387, pp. 96-1 13 (1997) ( copy attached as Ex. 4) reports that 
intrastriatal transplantation of NGF-secreting neural stem cell cultures into an adult rat model of 
Huntington's disease (the well accepted and widely used quinolinic acid lesion model) resulted 
in sparing of striatal neurons inununoreactive for glutamic acid decarboxylase, choline 
acetyltransferase, and neurons histochemically positive for nicotinamide adenosine diphosphate. 
In addition, the NGF-secreting transplants produced robust sprouting of cholinergic fibers from 
subjacent basal forebrain neurons. I note that I am also listed as an author on this paper and that 
the claimed methods were used. The authors conclude that "[tjhese data indicate that cellular 
delivery of hNGF by genetic modification of stem cells can prevent the degeneration of 
vulnerable striatal neural populations, including those destined to die in a rodent model of HD 
and supports the emerging concept that this technology may be a valuable therapeutic strategy 
for patients suffering from this disease." See p. 96. In my view, the authors clearly demonstrated 
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a therapeutic benefit and clearly expressed their view that the results in the model are predictive 
of the human condition. For this reason, these data also clearly demonstrate a therapeutic benefit 
of the claimed methods. 

B. Transplantation of Neural Stem Cell Progeny 

According to the Claimed Methods For Tissue-Specific 
Differentiation Provides a Therapeutic Benefit 

15. As I stated in my December 2000 Declaration, Applicants' neural stem cell cultures have 
been shown to be useful tool for tissue-specific differentiation to provide a therapeutic benefit 
when transplanted into the host. I draw the Examiner's attention to several new publications that 
demonstrate that transplantation of cultures of neural stem cells provide such a therapeutic 
benefit. 

16. Qu et al., "Human Neural Stem Cells Improve Cognitive Function of Aged Brain", 
Ageing, 12, pp. 1 127-1 132 (2001) (c opy attached as E x. 5) report that when human neural stem 
cells were transplanted into aged rats (about 24 months old), according to the claimed methods, 
the cells not only survived, but also retained their multipotency and migratory ability. The 
results show that the human neural stem cells not only successfully differentiated into neurons 
and astrocytes, but importantly "both neurons and astrocytes migrated into the cortex and 
hippocampus in a well-defined and organized pattern in the brain." See p. 1 132. Finally, the 
results demonstrate significantly improved cognitive function (in the standard and well accepted 
Morris water maze model). In my view this clearly demonstrates a therapeutic benefit of the 
claimed methods. 

1 7. Akiyama et al., "Transplantation of Clonal Neural Precursor Cell Derived From Aduh 
Human Brain Establishes Functional Peripheral Myelin in the Rat Spinal Cord", Exp. Neurol., 
167, pp. 27-39 (2001) (copy attached as Ex. 6) reports that human neurosphere cultures (/.c, an 
expressly disclosed embodiment of the neural stem cell cultures of this invention) when 
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transplanted (according to the claimed methods) into a demyelinated adult rat spinal cord 
produced extensive remyelination with a peripheral pattern similar to Schwann cell myelination 
characterized by large cytoplasmic and nuclear regions, a basement membrane, and PO 
immunoreactivity.^' Importantly, "the remyelinated axons conducted impulses at near normal 
conduction velocities". See p. 27. In my view this clearly demonstrates a therapeutic benefit of 
the claimed methods. 

1 8. Kurimoto et al., "Transplantation of Adult Rat Hippocampus-Derived Neural Stem Cells 
into Retina Injured By Transient Ischemia", Neuroscience Letters, 306, pp. 57-60 (2001) (copy 

r- — - 

attac hed as Ex. 7 ) reports transplantation of rat neural stem cell cultures into the eyes of adult rats 
that underwent ischemia-reperfusion injury. The in vivo retinal ischemia-reperfusion model is a 
standard (and well accepted) experimental model that has been used to investigate the damage to 
the retina induced by transient ischemia. The authors report that in the eyes with the ischemia 
insult, the intravitreally injected neural stem cells invaded the retinal ganglion cell layer within a 
week of the transplantation and were identified in the retinal inner nuclear layer two weeks after 
the transplantation. At four weeks the donor cells were integrated into the host retina and 
expressed Map2ab, which indicated that the cells had differentiated into mature neurons. By 
comparison, in the control, none of the transplanted cells migrated to the retina. The authors 
conclude that "neuronal stem cells are good candidates to reconstruct the neural circuitry of 
ischemic injured retina, and show the potentiality of therapeutic transplantation using neuronal 
stem cells on retinal impairments that are generally regarded as incurable." See p. 59. I conclude 
fi-om this that, both the authors (and myself) believe that this clearly demonstrates a therapeutic 
benefit of the claimed methods. 

1 9. Likewise, Nishida et ah, "Incorporation and Differentiation of Hippocampus-Derived 
Neural Stem Cells Transplanted in Injured Adult Rat Retina", Investigative Ophthalmology & 

I note that the authors refer to one of my earlier papers for cultiuing the neurpsphere 
cultures (see reference 20) confirming that the cells used here are cells of this invention. 
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Visual Science, 41, pp. 4268-4274 (Dec 2000) ( copy attached as Ex. 8) report that transplantation 
of neural stem cells into mechanically injured adult retina resuhs in incorporation and subsequent 
differentiation of the grafted stem cells into neuronal and glial lineages. Importantly, the authors 
conclude that "[n]eural stem cells are expected to be useftil clinically for replacing damaged 
neurons or for ex vivo gene therapy." See, p. 4271 . This statement confirms my similar 
statements in my December 2000 declaration and throughout this declaration, and I believe is 
reflective of the general opinion of those of ordinary skill in the art. 

20. I had previously (in my December 2000 declaration) referred to Milward et al, 50 J. 
Neurosci. Res. 862-871 (1997) CMilwarcf'). M/w^ successfully transplanted canine CNS 
neural stem cells both into rat and into a shaking (sh) pup myelin mutant dog (a model of human 
myelin diseases). In Milward, canine neural stem cell cultures were transplanted into the myelin- 
deficient (md) rat spinal cord, resulting in the production of myelin by graft-derived cells (see, 
Milward, pg. 868, col. 1, 2"** para.), demonstrating that transplanted CNS neural stem cells can 
differentiate in the recipient to form myelin-producing oligodendrocytes and therapeutically 
provide myelin to recipients. The Milward shaking pup canine model is a particularly harsh 
model of dysmyelination. The pups are bom with very few myelin sheaths around central 
nervous system axons. The Milward data demonstrate that that the present invention can be used 
to provide myelination in an almost myelin-ft-ee in vivo environment. In addition, as Milward 
reports, the grafted cells had integrated normally into the adult sh pup cytoarchitecture. See, Ex. 
2, p. 867, right column. This is powerftil support that transplantation of such neural stem cell 
cultures would be usefiil in providing a therapeutic benefit to the host. This is particularly true in 
"real-life" disease situations where demyelination is a relatively slow process occurring not 
globally but in patches. 

The Akiyama paper discussed above confirms that the remyelination effected by 
transplantation of neural stem cells (as demonstrated in Milward), in fact, is ftmctional and 
therapeutic (as it restores near normal conduction velocities to the remyelinated axons). 

I understand that the Examiner has indicated that "the formation of myelin, as described 
by Milward et al, did not result in producing a therapeutic effect in the animal. Thus, Milward 
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et al. does not demonstrate application of the claimed method to produce a therapeutic effect." 
(Office Action, pages 4-5). I disagree with the Examiner's characterization of Milward, and, it is 
my opinion that the Akiyama paper discussed herein confirms my earlier conclusions regarding 
Milward. In my view, the ordinarily skilled artisan would expect that replacement of myelin on 
demyelinated axons would confer a therapeutic benefit, since the "replaced" myelin provides the 
missing insulation that is necessary to support impulse conduction. The Examiner does not 
explain why she believes that Milward does not produce a therapeutic effect, and I believe that 
Akiyama directly supports that a therapeutic benefit is conferred. 

21 . Similarly, I had referred to Zhang et al, 96 Proc. Natl. Acad. Sci. USA 4089-94 (1999) 
CZhang") in my December 2000 declaration. Zhang reports similar results, in which neural stem 
cell cultures were generated from both juvenile and aduh rats and used to produce myelin- 
forming cells, and when transplanted into md rats, those cells produced "robust myelination". 
See, Zhang, pp. 4093-94. For the reasons discussed above, this too, in my view, would lead the 
ordinarily skilled artisan to conclude that transplantation of such neural stem cell cultures would 
be useful in providing a therapeutic benefit to the host. 

The Examiner has stated that "this 'robust myelination' in fact did not produce a 
therapeutic effect in the host." (Office Action, page 5) However, the Examiner has not provided 
any evidence for this assertion. Moreover, I disagree with the Examiner's contention. As noted 
above, the ordinarily skilled artisan would expect that replacement of myelin to demyelinated 
axons would confer a therapeutic benefit. The Examiner does not explain why she believes that 
Zhang does not produce a therapeutic effect, and I believe that Akiyama directly supports that a 
therapeutic benefit is conferred. 

22. Likewise, in my December 2000 declaration I referred to Briistle et al, 16 Nature 
Biotechnol., pp. 1040-1044 (1998) ("5rMs//e"). 5rMj//e describes the implantation of fetal 
human CNS progenitor cells into mice that "acquire an oligodendroglial phenotype and 
participate in the myelination of host axons". 
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The Examiner has stated that, because Brustle 's experiments were conducted in healthy 
animals, no therapeutic effect was demonstrated because the "function of the cells upon 
transplantation is not sufficient to support enablement because there is not sufficient guidance for 
using the transplantation method therapeutically in diseased animals." (Office Action, page 5). 

I disagree. Brustle did demonstrate that the transplanted cells functioned as expected 
after transplantation - and participated in the myelination of host axons. I believe that 
demonstration of ability to myelinate axons (as Brustle 's experiments showed) would lead one of 
ordinary skill in this art to reasonably expect that these cells would provide a therapeutic benefit 
in the appropriate disease environment. Additionally, in view of Akiyama, I do not believe the 
Examiner can maintain the position that the claimed methods do not produce a therapeutic 
benefit in demyelinating/dismyelinating disorders. 

23 . In my December 2000 declaration, I also referred to Yandava et al, 96( 1 2) Proc. Natl. 
Acad. Sci., pp. 7029-34 (1999) {''Yandava"), which also presents data that demonstrates a 
therapeutic effect upon transplantation. Yandava showed that transplantation of CNS neural 
stem cells results in "global" cell replacement and therapeutically effective remyelination in 
mice. Yandava showed that neural stem cells transplanted at birth resulted in widespread 
engraftment throughout the dysmyelinated shiverer {shi) mouse brain with repletion of myelin 
basic protein (MBP). Yandava showed that a number of recipient animals had a decrease in their 
symptomatic tremor. 

The Examiner has noted that "[wjhile some therapeutic effect was seen, in so far as a 
number of recipient animals showed a decline in symptomatic tremor, the method of 
transplantation used a cloned cell lined [sic] from neonatal mouse cerebellum" (Office Action, 
page 5). I disagree with this characterization of Yandava because this reference indicates that the 
clone used "is a stable, prototypical NSC clone originally derived from neonatal mouse 
cerebellum but capable of participating in the development of most other regions upon 
implantation into germinal zones throughout the brain. The NSCs differentiate into neurons in 
regions undergoing neurogenesis or into glia, where gliogenesis is ongoing." {Yandava, page 
7030, r' column) (citations omitted). In fact, nothing in Yandava indicated that the NSCs used 
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would function differently from those of the claimed invention. Thus, contrary to the Examiner's 
statements, the therapeutic effect shown in Yandava is sufficient to support the enablement of the 
claimed methods. Moreover, the Akiyama results discussed above further support the concept 
that transplantation of the neural stem cells according to the invention confers a therapeutic 
benefit. 

24. As I noted in my December 2000 declaration, others have also demonstrated that these 
neural stem cell cultures, when transplanted, are, in fact, capable of replacing the critical 
functions of lost or deficient neural populations. See, e,g,. Flax et al, 16 Nature Biotechnol. , pp. 
1033-1039 (1998) CFlax''). As I noted previously. Flax showed that transplantation of CNS 
neural stem cells provides a therapeutic benefit in the meander tail (mea) mouse, a well-known 
and well accepted mouse mutant model characterized by a cell-autonomous failure of granule 
neurons to develop or survive in the cerebellum, especially the anterior lobe. Flax transplanted 
human CNS neural stem cells into newborn mea cerebella and confirmed that the human neural 
stem cells provided "replacement neurons" with the "definitive size, morphology, and location of 
cerebellar granule neurons (Fig. 6E-G)" {Flax, pg. 1037, col. 2,2"^ para). 

Thus, in my view, Flax showed that transplanted CNS neural stem cells are able to 
differentiate in the recipient to form granule neurons and to therapeutically provide replacement 
neurons to recipients (such as these mea mice). In my view, this ability to replace damaged or 
missing neurons is unequivocal evidence of a therapeutic benefit upon transplantation of neural 
stem cell cultures, as claimed here. Moreover, my view has also been supported independently 
by other workers in the field who reviewed this Flax, Nature Biotechnologv paper. See Zigova 
& Sanberg, 16 Nature BiotechnoL , pp. 1007-1008 (1998) ("Z/gova") which states that the Flax 
data "provides strong evidence that the NSCs [neural stem cells] are able to perform in vitro and 
in vivo all the critical functions previously described for their rodent counterparts" {Zigova, pg. 
1007, middle column). 

The Examiner has indicated that the "'replacement neurons' in fact did not produce a 
therapeutic effect. Thus, it is unclear how the claimed method can be used for therapy, since no 
teachings are provided to allow the skilled artisan to produce 'replacement neurons' for therapy." 
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(Office Action, page 6). I disagree with this position. Flax transplanted NSCs into a murine 
model characterized by a failure of granule neurons to develop or survive in the cerebellum. The 
results of these experiments with this model demonstrate that the NSCs differentiated into 
neurons of the appropriate size, morphology, and location. Flax concluded that "engrafted NSCs 
of human origin appear sufficiently plastic to respond appropriately to varying local cues for 
lineage determination." 

Thus, in this animal model that is lacking a certain type of neuron, Flax demonstrated that 
transplantation of neural stem cell cultures replaced the missing neurons. In my opinion, these 
results are clear evidence of the therapeutic effect of the claimed invention because the results 
demonstrate that transplantation of neural stem cells according to the claimed methods results in 
tissue-specific differentiation. 

25. In my December 2000 declaration, I also referred to Fricker et a/. , 1 9 J. Neurosci. . pp. 
5990-6005 (1999) {''Fricker'^ Fricker showed that when CNS neural stem cells were 
transplanted into neurogenic regions in the adult rat brain, the subventricular zone, and 
hippocampus, the in vitro propagated cells migrated specifically along the routes normally taken 
by endogenous neuronal precursors: along the rostral migratory stream to the olfactory bulb and 
v^thin the subgranular zone in the dentate gyrus. The in vitro propagated cells exhibited site- 
specific neuronal differentiation in the periglomerular layer of the olfactory bulb and in the 
dentate granular cell layer. Additionally, the CNS neural stem cells also exhibited substantial 
migration vidthin the non-neurogenic region, the striatum, and showed differentiation into both 
neuronal and glial phenotypes. Thus, in my view, Fricker confirmed the ability of the human 
neural stem cells to respond in vivo to guidance cues and signals that can direct their 
differentiation along multiple phenotypic pathways. 

The Examiner noted that the ability of human NSCs to respond in vivo to guidance cues 
and signals that can direct their differentiation "has not as yet been exploited to develop 
methodology to produce a therapeutic effect." (Office Action, page 6). Again, I do not agree 
wdth this characterization. In my view, one skilled in the art would recognize the importance of 
Fricker' s discovery that the NSC cultures are able to respond in vivo to surrounding signals and 
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cues in the treatment of a variety of CNS diseases and disorders. Thus, it is my opinion that the 
work reported by Fricker could be used by those skilled in the art to achieve a therapeutic benefit 
in a patient being treated. 

26. In my December 2000 declaration, I also drew the Examiner's attention to recent 
publication that I believed also unequivocally demonstrated that transplanted neural stem cell 
cultures can both continue to express a foreign gene and migrate in a site specific fashion in host 
tissue. See, Aboody et al., 97 Proc. Natl. Acad, Sci. USA , pp. 12846-51 (November 2000) 
{'"Aboody"). As I noted, Aboody expressly states {see, e.g., throughout the paper, and particularly 
Abstract and p. 12851) that neural stem cell cultures provide a transplantation "platform" since 
upon transplantation those cells can both continue to express a foreign gene and migrate in a site 
specific fashion in host tissue for "dissemination of therapeutic genes". 

In response, the Examiner has states that "Aboody et aL, does not teach the steps required 
to transplant NSCs in a manner such that a therapeutic effect is produced." (Office Action, pages 
6-7). To the contrary, it is my belief that Aboody s characterization of the neural stem cell 
cultures as a transplantation "platform" is sufficient evidence of a therapeutic benefit - 
specifically, those skilled in the art would be able to use these cells in the claimed methods to 
achieve such a therapeutic benefit without undue experimentation. 

27. Finally, I draw the Examiner's attention to several additional publications that, in my 

view, clearly demonstrate that the art is of the view that the claimed transplantation methods 

would provide a therapeutic benefit. In particular, see e.g, Ourednik et al., Novartis Foundation 

Symposium 231, Pub. John Wiley & Sons, Ltd. (2000) (Ex. 9), which is titled "Neural Stem 

— 

Cells Are Uniquely Suited For Cell Replacement and Gene Therapy in the CNS". This title 
alone captures the sentiments expressed throughout my declaration. See also Vescovi et al., 
"Isolation and Intracerebral Grafting of Nontransformed Multipotential Embryonic Human CNS 
Stem Cells", J. Neurotrauma, 16, pp. 689-693. p. 689 (1999) (Ex. 10), which states "the use of 
human embryonic CNS stem cells should provide a reliable solution to some of the major 
problems that pertain to this field . . .". 



13 



28. For all the foregoing reasons, as well as those articulated in my December 2000 
declaration, I believe that the Examiner should withdraw the rejection and allow the pending 
claims. 

I further declare that all statements made herein of my own knowledge are true and that 
all statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001, Title 18, United States Code, 
and that viallful false statements may jeopardize the validity of this application and any patent 
issuing therefrom. 



Signed at Providence, Rhode Island 
this ZS^day of July, 2001 
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Introduction 

Nerve growth factor (NOP), brain-derived neurotrophic factor 
(BDNF). neurotrophin-3 (NT-3) and neurotrophin-4/5 (NT-4/5) belong 
to a family of highly bioactive peptides, called neurotrophins, with a 
broad range of effects on neurons, including protective actions 
(Lindvall etal., 1994; Lewin & Barde. 1996. for review) The 
expression of the neurotrophins and their receptors is regulated by a 
variety of acute insults to the brain, including epileptic seizure^v 
hypoglycaemic coma, cerebral ischaemia and traumatic mjury (Ga 
& Isackson. 1989; Ballarin et ai. 1991; Emfors etai, 1991. Lmd vail 
etal 1992; Merlio etai, 1993; Mud6 etal, 1993). The increased 
synthesis of NGF and BDNF triggered by these conditions has been 
interpreted as an inttinsic neuroprotective response of the damaged 
brain (Lindvall etal, 1994; Koistinaho & Hakfelt, 1997). This has 
raised the possibility that administration of one or more of the 
neurotrophins might be a useful strategy to protect injured neurons 
from dying in the event of an acute neurodegenerative disorder. Iti 
support of this idea, exogeneously supplied NGF has been reported 
to counteract death of hippocampal neurons exposed to hypoglycaemia 
/„ vitro (Cheng & Mattson. 1991) and of CAl neurons following 
transient global forebrain ischaemia in rats in vivo (Shigeno etal., 
1991; Pechan etal., 1995). although this was not observed by others 
(Beck era/., 1992). 



Biological delivery of neurotrophic factors is an effective approach 
for administering these peptides locally into the mammalian brain. 
Their poor diffusion properties, short half-life in the brain intersuuum. 
and the physiological limit that the blood brain barrier represents for 
the systemic administration of neurotrophic factors, have previously 
made it necessary to use intraventricular or intracerebral injections 
or infusions. Such procedures often cause traumatic, chro-uc bmn 
injury and. in addition, are of limited duration. Recently developed 
techniques for gene transfer, especially those based on ex vtvo gene 
transfer of transgenic neurotrophic proteins to different types or 
carrier cells and subsequent engraftment. have been establish ^ 
as more useful approaches with clear impact on f"nf o"^'^ " 
neuroprotection (Fisher & Ray, 1994; Gage etai, 1^5; Snyder & 
Macklis, 1995; Marti'nez-Serrano & Bj5rklund. 1996a; Marunez 
Serrano & Bjorklund, 1997). For example, NGF-secreting fibrobl ts 
baby hamster kidney cells or neural progenitor cells are able to rescu 
basal forebrain cholinergic neurons after various lesions or jcv^ 
age-dependent atrophy of these neurons, improving ^og"'";;^ „ 
(Stromberg e,al., 1990; Dekker etai, 1994; Winn etai, 1994. Chen 
& Gage. 1995; Marti'nez-Sen-ano etai, 1995a, b). 

Medium-sized spiny projection neurons constitute the vast majoniy 
of neurons in the adult striatum (Heimer etal, 1995). These neurons. 
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most of which are GABAergic, are particularly susceptible to cell 
death induced by cerebral ischaemia (PuIsineUi et al, 1982; Pulsinelli, 
1985; Goto etal, 1993) and excitotoxins (Boegnnan etal, 1987; 
Davies & Roberts, 1988; Beal etal, 1989; Forloni etaL 1992; 
Figueredo-Cardenas etal, 1994). Striatal projection neurons express 
cne functional high-affinity receptors for BDNF and NT-3, i.e., TrkB 
and TrkC, respectively, but not the NGF receptor, TrkA, or the low- 
affinity neurotrophin receptor, p75^ (Merlio et a/., 1993; Sobreviela 
etal, 1994). Despite the lack of the functional receptors for this 
neurotrophin, biologically delivered NGF has been reported to coun- 
teract the death of striatal projection neurons caused by excitotoxic 
insults. Thus, Schumacher, Frim and collaborators (Schumacher et ai, 
1991; Frim etai, 1993a, b) initially described that intrastriatal grafts 
of fibroblasts, genetically modified to produce NGF, ameliorated die 
fects of quinolinic acid lesions in the rat striatum. Their findings 
were subsequently confirmed and extended using immortalized neural 
stem cells or epidermal growth factor-responsive stem cells as the 
carrier of the NGF gene (Martinez-Serrano & Bjorklund, 1996b; 
Kordower et al, 1997). These studies have demonstrated that biologic- 
ally delivered NGF can have generalized neuroprotective effects in 
the striatum, even on projection neurons not expressing NGF receptors 
at detectable levels. 

The main objective of the present study was to explore the 
possibility that NGF, secreted by grafts of ex vivo transduced neural 
cells, could counteract die death of striatal projection neurons 
caused by transient focal ischaemia. We used immunocytochemical 
techniques in combination with stereological procedures to quantify 
the loss of these neurons at 48 h after 30 min of middle cerebral 
artery occlusion (MCAO). This ischaemic insult was chosen because 
the brain damage is largely restricted to the lateral striatum, and 
cerebral cortex shows much less neuronal death (Memezawa et al, 
1992b; Kokaia etal, 1998). It is conceivable that the MCAO elicits 
both apoptotic and necrotic death (Linnik etal, 1993; Li etal, 1995; 
Charriaut-Marlangue etal, 1996; Du etal, 1996), with apoptosis 
localized to the penumbra area and necrosis predominating in the 
ischaemic core (Charriaut-Marlangue etal, 1996). Grafting was 
performed 1 week prior to MCAO to allow for migration of the 
NGF-secreting cells into the striatal parenchyma (Lundberg etal, 
1997) and to avoid that the surgical procedure per se or disruption 
of the blood-brain barrier would influence the extent of the isch- 
aemic lesion. 

Materials and methods 
Animals and experimental design 

Twenty-eight adult, male Wistar rats (M0llegaard's Breeding Centre, 
Copenhagen, Denmark) weighing 267-325 g at the time of MCAO 
were used. The rats were housed under 12 h light/12 h dark conditions 
with ad libitum access to food and water. One week prior to the 
ischaemic insult (Fig. 1), the animals were randomly allocated to 
three experimental groups and either injected with vehicle {n = 8) or 
grafted with conU-ol-HiB5 cells (n = 10) or NGF-HiB5 cells (n = 
If^) unilaterally in the striatum. After fasting overnight with free 
: .:ess to water, all animals were subjected to MCAO for 30 min. 
The rats were killed 48 h after the ischaemic insult. 

Culture of neural stem cell lines and ex vivo NGF gene 
transfer 

The generation and characterization of the NGF-secreting and control 
cell lines used in the present experiment (clones E8 and Dll, 
respectively) have been described in detail previously (Martinez- 
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Serrano etai, 1995b). The parental, conditionally immortalized, 
neural stem cell line was the E16 rat hippocampus-derived HiB5 cell 
line (Renfranz etaL, 1991), modified to produce and release mouse 
NGF by retroviral transduction. Cells were expanded at the permissive 
temperature for the immortalizing protein (+ 33 °C, tsA58AJ19 
mutant allele of the SV40 large T-antigen) in Dulbecco's modified 
Eagle's medium (DMEM, Gibco, Life Technologies AB, Sweden), 
supplemented with 10% foetal bovine serum, 2 mM glutamine, and 
10 000 units/mL streptomycin and 10 000 units/mL peniciUin. Prior 
to transplantation, the cells were labelled in culture for 72 h with 
^H-thymidine 10|iCi/mL (Amersham). For grafting, a single cell 
suspension with 150 000 cells/^iL was prepared in Hank's balanced 
salt solution (Gibco) by trypsinization of nearly confluent monolayers. 

Cell transplantation 

To test whether neural stem cells of Sprague-Dawley origin (as the 
HiB5 derivatives used here) can survive u-ansplantation into Wistar 
rats without immunosuppression, a separate group of three male 
Wistar rats (300 g body weight) were grafted with control cells in 
the right and NGF cells in the left striatum. The rats were anaesthetized 
with Equitesin (3 mL/kg i.p.), fixed in a Kopf stereotaxic frame and 
1 |iL of suspension containing 100 000 cells was then injected per 
side using a 10|iL Hamilton syringe. Coordinates with tooth bar at 
-2.3 mm below the interaural line were AP = 0.2, L = 3.5, V = 5.5. 
[AP, anterior or posterior to bregma; L, lateral to midline; V, vertical 
from dura according to the adas of Paxinos and Watson (Paxinos & 
Watson, 1997), all distances in (mm).] These animals, which were 
not subjected to MCAO, were killed by transcardial perfusion of 4% 
paraformaldehyde after one week and then processed for ^H-thymidine 
autoradiography (see below). 

The other animals received NGF-producing or control cells or 
vehicle at three injection sites with two deposits at each site in the 
right striatum. The coordinates were with tooth bar set at -2.3 mm 
below the interaural line. Injection site 1: AP = 1.5, L = 2.5. V = 
5.5 and 4.5; injection site 2: AP = 0.2, L = 3.0, V = 6.5 and 5.5; 
injection site 3: AP = -0.9, L = 4.2, V = 6.5 and 5.5. One microlitre 
of cell suspension was injected at each deposit (2 |xL per injection 
site), the total number of cells per animal being about 900 000. 

Middle cerebral artery occlusion 
- Anaesthesia was induced by inhalation of 3.5% halothane in N2O : On 
(70 : 30). The animals were intubated and then artificially ventilated 
with 1-1.5% halothane using a small respirator. A polyethylene 
catheter was inserted into the tail artery for sampling and blood 
pressure recording. Arterial blood pressure and body temperature were 
monitored using MacLab data acquisition system (AD Instruments, 
Australia). During surgery, ventilation was adjusted according to p02, 
PCO2 and pH values. Physiological parameters, as measured before 
occlusion, are presented in Table 1. The MCAO was performed 
according to the technique described by Koizumi etal. (1986) and 
modified by Zhao etaL (Zhao etaL, 1994; Kokaia etai, 1995). In 
brief, the right common, internal and external carotid arteries were 
exposed and the external carotid artery was ligated. The common 
carotid artery was closed by a ligature, and the internal carotid artery 
was temporarily closed by a microvascular clip. To prevent thrombosis, 
30 IE heparin was given intra-arterially. A filament made from a 
monofilament fishing line (Stren, supertough, 0.25 mm diameter, Du 
Pont, Wilmington. DE, USA) with a melted tip (0.28 mm diameter) 
and a distal cylinder of silicon rubber (Silastic E, Dow Coming, MI, 
USA) was inserted into the internal carotid artery through the common 
carotid artery and advanced to block the blood flow in die middle 
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Cell 
implantation 



Ischemic 
insult 



Perfusion 



-1 week 



-1 h Oh +1 h 



+24 h 



+48 h 



t t i 

Neurological evaluation 



Neurological scores 



Physiological parameters 



Group 



Weight (g) 



Glucose 
(mM) 



pH 



pCO: 
(mmHg) 



p02 

(minHg) 



Temp- CC) 



Blood pressure Before 
(mmHg) MCAO 



1 h after 
MCAO 



24 h after 
MCAO 



Vehicle-inj. 
NGF-graft 
Control-graft 



298 ± 6 
303 ±4 
301 i7 



3.8 ± 0.3 
5.0 ± 0.4 
5.0 ± 0.3 



7.43 ± 0.01 
7.46 ± O.Ol 
7,45 ±0.01 



36.8 ± 1.1 

33.9 ± 0.8 
36.2 ± 0.8 



108.8 ± 3.8 

118.8 ± 33 

112.9 ±4.4 



37.0 ±0.1 

37.1 ±0.1 
37.3 ±0.1 



110.0 ±3.4 
117.4 ± 2.3 
117.0 ±4.5 



5.0 ± 0.0 
4.4 ± 0.3 
4.8 ± 0.2 



1.0 ±0.2 4.6 ±0.3 
1.6 ±0.4 4.2 ±0.3 
2.0 ± 0.4 4.6 ± 0.3 



Control-graft 301 ±7 5.0 - U. ; \ _ , ^ — . . occluding filament. The neurological 

0 maximum impairment. Data are means ± SEM. 1 here were g 
Dunn post-hoc test). 



cerebral artery. When the surgical procedure had been completed, 
ana^thesS wis discontinued and the rat was awake after 10-15 muK 
Reoerfusion was started after an occlusion time of 30 nun by 
^th "of the filament under brief anaesthesia us.ng ha othane 
a Win N,0 : O, (70 : 30). The MCAO was earned out bhndly . e^.-., 
without knowing which experimental group the ammals belonged to. 

Neurological evaluation 

Neurological examination was carried out blindly just before and at 
^^24 h after MCAO (Fig. 1). The main aim of th.s ana^s.s was 
to provide a measure of successful MCAO and recrcu atton^ Fore- 
and hindlimb placing was assessed mamly according to De. Ryck 
TaL^mi and cit^ling towards the paretic side was evaluated as 
nreviously described by Bederson et al. (1986). , . , ,„ 

%Te placing of the fore- and hindlimb on the side contralateral to 
MCAO was examined when the limb, gently pulled down and away 
fronT a table edge, suddenly was released. To evaluate h.ndhmb 
pSn , t^e left sU was perpendicular to the edge of a tab -"d^^^^ 
forelimb placing the forepaws were perpendicular to the table edge 
wS. head and whiskers outside the edge. The placing of each hmb 
waVmded as 'no' placing (score 0). 'incomplete' and/or 'delayed 
r> 2^ placing (score 1). and 'correct' placing (score 2 . C.rchng 
las evaluated Vhen the rat was allowed to move freely tn an open 
area Circling to the non-occluded side was scored as 0 and no 
ScUng as 1. The scores for fore- and hindlimb placing and ctrchng 
behaviour were summed up for each animal (max.mum score = 5). 



Animals which were fully awake and had lost one grade or more in 
The neurological scoring at Ih after MCAO were included for 
further analyses. 

Immunocytochemistry 
■ Animals were deeply anaesthetized with chloral hydrate (400 mg/kg) 
anZnscardially perfused with physiological saUne ^^J^^^^^^^ 
cold 4% paraformaldehyde in 0.1 M phosphate buffer. The brams we e 
erved^ostfixed with the same fixative overnightandequUtbratedm 

3oTsuc ose. Series of 40-,m-thick sections were taken thmugh * 
triatum. and stored cryopro.ected at -20 'C unt.l use. For fr« 
floating immunocytochemical ^^--"S^; f J^ej'^"^;";^^^^^^^^ 
endogenous peroxidase quenched m 3% H,0,. After b octang m 
appropriate serum, the sections were --^med °vern'gh (to 
incubation with the primary antibody was for 72 h at 4 C) w uh Uie 
primary mouse monoclonal antibody. After nnsmg, ^^^^'^^ ^^^^ 
Lcub^ed with the appropriate biotinylated-secondary antil^dy O^or e 
antimouse), reacted with ABC Kit (Vector Buri.ngame US^^^^^^^^^^^^ 
peroxidase was then developed in a nickel-mtens.fied DAB reacuon 
Antibody titres and sources were as follows: aga.nst dopamine 
^d adenosine 3':5'-monophosphate-regulated Pfphoprote^^^^^^^^ 
molecularweightof32kDa(DARPP-32,markerforstnatapr^^^^^^^^^^ 
neurons) 1 : 20000. a gift from Dr R Greengard, Rockefeller Univer 
Ty New York, NY. USA, against "euronal-specific antigen (N u^^^^^ 
marker for postmitotic neurons) 1 : 100, a gift from Dr R J. Mullen 
uStelslt of Utah. Salt Lake City, UT. USA. and against choline 
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Fig. 2. Survival and integration of transplanted cells. Adjacent sections 
immunostained for DARPP-32 (A) or subjected to ^H-thymidine 
autoradiography and counterstained with cresyl violet (B), to illustrate graft 
survival at different locations and lesion severity. Arrows in B depict one 
implantation site. The location of the higher magnification photomicrographs 
in C-E is indicated in A. Grafted cells (identified by silver grains on the 
autoradiogram) are illustrated in regions with minor (C), intermediate (D) and 
severe ischaemic damage (E). Note the preferential distribution of the cells 
ir; grey matter areas (G). The asterisk in E denotes a blood vessel. W, white 
matter. Scale bar = 1.5 mm in A and B and 18 ^im in C-E. 



acetyltransferase (ChAT, marker for cholinergic neurons) 1 
Chemicon. 



1000, 



^H-Thymidine autoradiography 

One series of sections from each of the grafted animals was mounted 
-.1 slides, dehydrated and delipidated before immersion in autoradio- 
graphic emulsion (K5, Ilford). The sections were left for 5 weeks at 
-20 °C in the dark, and then developed. Before coverslipping, the 
specimens were counterstained with cresyl violet. 

Morphometric analysis 

The number of DARPP-32- and NeuN-immunopositive neurons was 
quantified using stereological procedures, which allow for unbiased 
estimates of cell numbers within a defined brain structure (Gundersen 
ra/., 1988). Analyses were performed using the Computer Assisted 
Stereological Toolbox (CAST)-GRID software (Olympus, DK A/S, 
Albertslund, Denmark), conurolling an X-Y-Z motorized Olympus 
BH-2 microscope stage. Images were first acquired with a CCD-IRIS 
colour video camera and the borders of the striatum were marked at 
small magnification (X4) using the computer mouse. Cells were then 
counted at X40 magnification in randomly selected fields chosen by 
the computer controlling the stage. 



DARPP-32- and NeuN-immunoreactive neurons were first quanti- 
fied in the vehicle-injected, control-cell-^nd NGF-cell-grafted striata 
at four representative coronal levels through the striatum: 1, AP 
1.7 mm; 2, AP 0.7 mm; 3, AP -0.3 mm; 4, AP -1.4. nmi. In six 
randomly selected animals, the non-lesioned side was analysed 
similarly in order to obtain cell counts from the intact striatum. Using 
image analysis (CAST-GRID software), measurements of the whole . 
striatum and the area devoid of DARPP-32 inmiunostaining were 
made at the same levels and the remaining, non-lesioned area, was 
calculated thereafter. In a separate analysis, the number of DARPP- 
32-positive neurons was counted stereologically in 17 sections spaced 
at 320-|im intervals throughout the striatum (from 2.0 mm rostral to 
3.3 mm caudal to bregma) in animals receiving control or NGF- 
secreting transplants. Due to their lower numbers, the ChAT-positive 
cholinergic intemeurons were counted manually and blindly at the 
four coronal levels defined above, using XlO magnification. 

Statistical analysis 

Evaluation of differences in the number of immunopositive cells and 
in the area with remaining DARPP-32 immunoreactivity between the 
intact striatum and the lesioned striatum in the three experimental 
groups, as well as differences iri neurological scores and physiological 
parameters were performed using one-way analysis of variance 
(anova) followed by the indicated post-hoc tests. Numbers of DARPP- 
32 positive neurons in sections throughout the striatum from control 
and NGF-cell grafted rats were compared using one-tailed unpaired 
Student's r-test. To compare numbers of ChAT-positive neurons 
between the striatum ipsilateral and contralateral to MCAO, paired 
Student*s Mest was used. Significance was set at P < 0.05. 

Results 

Physiological parameters and neurological assessment 
Table 1 shows physiological parameters as measured 1 week postgraft- 
ing and just before the induction of ischaemia. There were no 
significant differences between the experimental groups. The neuro- 
logical assessment performed 1 h before MCAO revealed a mild 
impairment in two animals with control-cell grafts and in three 
animals with NGF-secreting grafts. These rats exhibited a slight 
deficit in hindlimb placing, which suggests that the surgical procedure 
used here may cause a minor brain damage in some rats. However, 
s,. there were no significant differences in neurological scores between 
the groups. When the rats were evaluated at 1 h after MCAO, marked 
neurological impairment was observed in the majority of animals. In 
four animals (two in the control-cell group, one in the NGF-cell 
group and one in the vehicle-injected group), the MCAO did not 
result in any deficit, indicating unsuccessful occlusion. These animals 
were not included in the further analysis. The other rats exhibited 
circling behaviour to the non-occluded side and showed no placing 
of the hindlimb. The placing of the forelimb was delayed or incorrect. 
The neurological scores in these remaining animals (seven vehicle- 
injected, eight conU:ol-cell grafted and nine NGF-cell grafted) did not 
differ between the groups. At 24 h after MCAO, there was marked 
behavioural recovery in all animals, without any significant differences 
between the groups (Table 1). 

Survival of grafted cells 

The focal ischaemia model used here has been extensively character- 
ized in Wistar rats (Memezawa etai, 1992a,b; Zhao etaL, 1994; 
Kokaia etai, 1995), and we therefore performed all experiments on 
animals of this strain. Because the HiB5 cells and their derivatives 
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were generated from Sprague-Dawley rats, we first explored whether 
intrastriatal grafts of these cells can survive in Wistar rats without 
immunosuppressive treatment. The use of cyclosporin seemed unfa- 
vourable in the present experiment due to the reported protecUve 
action of this drug against ischaemic damage (Uchino etal, 1995). 
Grafted cells were identified using autoradiography combined wiUi 
cresyl violet staining to locate the nuclei of cells labelled with H- 
thymidine in vitro prior to transplantation. The survival and distnbu- 
tion of the grafted control and NGF-secreting HiB5 cells in Wistar 

• «y.l99& Eui-opean 



rats, not subjected to ischaemia, closely resembled what has previously 
been described in Sprague-Dawley rats for these and the pajmal 
HiB5 cell lines (data not shown; MarU'nez-Serrano et al , 1993D. 
Lundberg etal, 1997). The grafted cells had migrated l-Unun 
away from the implantation site and seemed to be well integrate'l 
into the host striatum. No evidence for immunological lejecuon. e.g. 
lymphocyte infiltration or tissue damage, was obtained. 

AJso in the two grafted groups of rats, which had been subjecte^ 
to 30min of MCAO. the transplants did not induce any noaceaDie 
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VEHICLE-INJECTION _NG[:2^ 



CONTROL-GRAFT 




^v^^^^^ld^BSai ^^.--3— i to MCAO in adjacent 

^^^^ 



. nn of the striatal cytoarchitecture (Fig. 2A,B). This was also 
r/rin thf a S exhibiting mild neurological -P— a 
reatessm entpriortotheMCAaHowev^^^^^^^^ 

by .he loss of DARPP-32-immunoreacUve nemons. ^ reg ons 
imermediate-tclow ischaemic ^^J^^J 

;::::irp:.s^^^^^^^^ 

with host neurons and glia. The ^^'^'^^'f^^ZZo^^^^^ 
US. with a -^^^^^^^^^ 

Sns^tr";rsrceJlin.(^^^^^^^^^ 

MartLz-Serrano & BjSrklund. 1996b; Lundberg .r ^^J^^^^^^^^ J" 

regions witii severe ischaemic d^^^Sf: S'^^^/ f ^'^.n^Lrted 
fc .:d close to the implantation site. The '""^^^^^^^^^ 
Fie 2(E) were located in the lateral stnatum, m an area witii a severe 
rig. ^(C) were lui-ai survived 
ischaemic lesion. It seems possible that these ceus may 
due to their close proximity to a blood vessel. 

Graft effects on iscfiaemic damage 

The extern of the ischaemic lesion in a representative. ^^^'^^^ 
animal as observed in D ARPP-32- and NeuN-~osta.ned se^^^^^^^ 
is illustrated in Fig. 3 at four coronal l^-^l/^^^f '^jj^^^^^ 
th. .rea with lost immunoreactivity for ^^^'^^ ^^^^^^^J'Z 
located in the dorsolateral striatum except -"^^i^f "^I fj^^^f 
entire cross-section of this structure ^""^f^^'f-^'^'jl 
immunoreactivity for DARPP-32 and .^^^^^f^^ 
other. The characteristics and extent of the If °" ^ J,"^*^^^^^ 
what has been observed following 30 min o ^CAO in ammals not 
subjected to vehicle injection or grafting (Memezawa etai, 1992b. 

Kokaa et al, 1998). _ -mnno the 

, . . The distribution of the ischaemic damage was 7^°™ 

: vehicle-injected animals, and the borders between les.oned and non 



I ■ © 1998 European Neuroscience V««od«ioi. E«»pra„ of.^crosrM, 



mMmm 

. Sroups. wltJ areas showing nearly 

for OAKPP-32 

or^ UN wS first quantified using «ereological procedures at 4 
"edetlned levels (illustrated in Fig. 3) on dje s.de 0 MC^AO 
all rats given vehicle injections or grafted with NGJ se« 
control cells, as well as on the contralateral side 

30 min of MCAU was mu nARPP-32 and NeuN-immuno- 

with the intact side *e re ucti n of DAKPP 32^- vehicle-injected 
positive neurons at "''/.^"^ ^ The corresponding 
animals amounted to 95 and 90%. P^^^^^d 61% There were 

grafted striata in the number of DARPP or 1 -^-oositive 
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Fio 5 Quantitative analysis of DARPP-32- and NeuN-immunoreactive 
nfurons and non-Iesioned striatal a,«a after MCAO. Data are "tact 
(IntacO striatum, contralateral to MCAO. and fr""" 'P^"='«5='> ^'"^BS 
animals with either vehicle injections (Vehicle), or grafted with NGF- (H.B5- 
NCn or control-cells (HiB5-control). Number of neurons was coutjted usmg 
Sogica?7«ocedures and area of DARPP-32-positive stnatal statmng 
Ser! to MCAO was measured with computerized mage analysts at *e 
£ eve s illus^^^ in Fig. 3. Significant differences between groups a^ 
indicated by lines above the bars (/> < 0.05. one-way analysis of vanance 
(ANOVA). followed by Fisher PLSD post-hoc test). 



all four levels) and control-cell transplanted striatum (all levels with 
DARPP-32 three caudal levels with NeuN). The implantation of 
NGF-synthesizing cells was estimated to prevent 45% (inean of data 
from the four levels, range 26-72%) and 46% (range 40-56%) of the 



Fio 6 Rostrocaudal distribution of the neuroprotective effect induced by 
NGF secreting cells. DARPP-32-immunostained striatal neurons were counted 
fn eve J Tetion, spaced at 320-nm interval, throughout the ™rn, m the 
rats wkh contro ■ or NOF-secteting grafts, 48 h after 30 mm of MCAa G 
depicts approximate graft locations. Level 1 atid 17 "«^P°"^^^ +^.0 mm 
and -3 3 mm in relation to bregma, respectively (Pax.nos & Watson. 1997 . 
Underiinerevels are those illustrated in Fig. 3. *, P < 0.05. unpaired Student s 
r-test. 



loss of DARPP-32- and NeuN-positive neurons, respectively, observed 
in the vehicle-injected striatum. , • j <,„a 

Similar to cell counting, measurement of the non-les.oned area 
(Fig 5) showed more pronounced ischaemic damage at caudal as 
compared with rostral striatal levels (89 and 35% reduction at most 
caudal and rostral levels, respectively, in vehicle-injected animals)^ 
Furthermore, this area was significantly larger in NGF-cell-grafted as 
compared with vehicle-injected striata, except at the i^ost rostr^ 
level However, the difference between striata with NGF-prmluc.ng 
cells and those with control cells did not reach statistical significance 
Because the cell deposits were placed at discrete locations 't 
seemed possible that they had induced only local neuroprotecuve 
effects. Therefore, the number of DARPP-32-.mmunoreactive neurons 
was also quantified in regularly spaced sections *^o"Shou the 
entire striatum of animals receiving control- or NGF-cell transplant. 
Animals receiving NGF-secreting cells had 'A;-'^ ™ J 
DARPP-32-immunoreactive neurons as <=ompared with rats wu 
control cells at almost every level in the caudal half of the stn^^^^ 
(approximately twice the number of neurons) (Fig. 6). Also at rnore 
roL\ levels, the mean number of neurons -''^ higher m ev 0^ 
section in the rats with NGF-grafts. However, due to higher vrfuy 
between animals in the severity of the ischaemic lesion m the mos 
rostral striatum, this difference only reached statistical significance 

We also 'explored the possibility that the larger number of neurons 

in the striatum with NGF-producing grafts could be due to rever^ 
ofapossibleischaemia-induceddown-regulationofthestudiedpjtein 

markers instead of reflecting neuronal rescue. However. all anmiai 
groups, the boundaries of the region identified by the loss 
32 immunostained neurons exactly overlapped with loc^^ 
where unequivocal signs of dead neurons (with shnink. condense 
and darkly stained cell bodies) could be observed m paired cresyl 
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violet-stained sections (Fig. 7). This strongly supports the view that 
he lack of DARPP-32 immunoreactivity induced by the present insult 
signifies neuronal death. 

In contrast to the marked loss of DARPP-32-positive projection 
neurons, we observed no significant change of the number of ChAT- 
positive choUnergic intemeurons in the vehicle-injected or control- 
cell grafted striatum following 30 min of MCAO (Table 2). The NGF- 
cell-grafted striatum, on the other hand, showed significantly more 
neurons with detectable levels of ChAT as compared with the intact, 
contralateral striatum at the three rostral, representative levels (81, 
65 and 41% increase, respectively; Table 2). 

Discussion 

The present results indicate that intrastriatal implantation of cells 
genetically engineered to secrete NGF can ameliorate neuronal 
death in the rat striatum at 48 h following 30 min of MCAO. The 
combination of stereological or manual quantification of cell numbers 
and specific neuronal phenotypic markers used here has allowed, for 



the first time, characterization of the ischaemic damage and the 
protective effects at the cellular level. We found degeneration of the 
majority of DARPP-32-immunopositive projection neurons, whereas 
ChAT-positive cholinergic intemeurons were resistant to the ischaemic 
insult (Kokaia etai, 1998). The NGF-secreting grafts reduced the 
loss of striatal projection neurons by about 45%. 

In most previous studies on focal ischaemia models, the identifica- 
tion of infarcted and surviving tissue has been carried out at the 
macroscopic level, often by the use of vital stains (see for example 
Bederson etai. 1986; Wang etai. 1997), The discrepancy observed 
here between area measurements and unbiased, quantitative assess- 
ment of neuronal numbers indicates that procedures using macroscopic 
analysis of vital staining may not reveal all information that can be 
obtained in the present type of experiment. Quantitative cellular data 
combined with various neuronal markers seem highly warranted, m 
particular, after less severe ischaemic insults, in which selective 
neuronal death is a prominent feature (Memezawa etaL, 1992b), and 
in the penumbra area and other transition zones, e.g. close to a trophic 
factor-secreting graft. 
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In the present experiment, amelioration of neuronal death by the 
NGF grafts was demonstrated at 48 h after the ischaemic msult. I 
micht be argued that the NGF treatment only delayed and not 
presented the death of striatal projection neurons and therefore that 
the observed protective effect was only transient Although thi 
possibility cannot be excluded, it seems higWy unhkdy for several 
reasons. First, in contrast to cerebral cortex, which exhibits delayed 
neuronal death after both focal and global ischaemia, several studies 
have demonstrated that the majority of striatal neurons are damaged 
rapidly, and within 12-24 h, show evidence of cell death after 
"chae'mic insults (Pulsinelli et al, 1982; Garcia e, «/., 1995; W.ssner 
et al 1996). For example, we observed (Z. Kokaia et al., unpublished 
data)' clear degenerative changes in virtually all P-jection neurons 
in the dorsolateral striatum between 6 and 16 h after 2 h of MCAO. 
Also arguing for a rapid cell loss in this region, we found no 
^fferenfe bftween 48 h' and 1 week after 30 min of MCAO m the 
number of remaining striatal neurons (Kokaia et al., 1998). Second 
the present insult caused a major loss of stnatal neurons (60-90%) 
which was markedly reduced by about 45% in animals with NGF- 
secreting grafts. In conclusion, there are no experimental data sup- 
porting a hypothetical scenario in which elevated striatal NGF levels 
would induce a large proportion of striatal neurons, normally otfierwise 
degenerating within 24 h after the insult, to survive up to 48 h with 
normal cresyl-violet-, NeuN- and DARPP-32-staimng and then die. 

The properties of the cell line used as carrier for the transgene has 
been described in detail previously (Martinez-Serrano & Bjorklund, 
1996a, 1997; Lundberg etai, 1997). The release rate in vf^' is 2 ng 
NGF/h/105 cells, and the cells are able to increase local NGP 
bioactivity and protein levels in transplanted brain regions up^-to 
10 weeks postgrafting (Martfnez-Serrano e, al, 1995a,b, 1996). More- 
over, expression at the mRNA level P"f 
following transplantation (Martinez-Serrano & Bjorklund, 1998). The 
NGF secretion from the present cell Une is stable both in a dividing 
culture after differentiation, and following intracerebral transplanta- 
tion (Martinez-Serrano etal., 1995b). The cells adopt a phenotype 
resembling resident glia and have migrated up to 1-1.5 ram away 
from the implantation site after 1 week. In the present experiment, 
surviving grafted cells with a similar distribution and morphology 
were detected in the striatum at 48 h following ischaemia. It seems 
likely therefore that elevated NGF levels were present in the stnatum 
both at the time of MCAO and for 48 h thereafter. In support of this 
idea, significantly more neurons with detectable levels of ChAT were 
found in the striatum with NGF-cell grafts, as Previously obsei^ed 
also in the excitotoxic model (Martinez-Serrano & Bj6rklund. 1996b). 
This probably reflects increased synthesis of the enzyme triggered by 
NGF (Hagg etal, 1989; Venero etal., 1994; Martinez-Serrano & 
Bjorklund, 1996b). . 

Several lines of evidence support that the reduction of neuronal 
death in the striatum induced by 30 min of MCAO in the transplanted 



rats was due to the NGF secretion by the graft. First, no significant 
protective action was observed after either vehicle injection or 
implantation of non-NGF-producing control cells. Second, in the 
group of animals transplanted with NGF cells, the rats which showed 
virtually no reduction of ischaemic damage also exhibited very poor 
graft survival Third, there were no systematic differences between 
The experimental groups in the severity of the ischaemic insult 
Fourth other studies have shown that NGF can ameliorate death of 
hippocampal CAl neurons induced by transient global ischaemia. 
(Shigeno et al., 1991; Pechan et al, 1995). 

The mechanisms by which NGF ameliorates ischaemic damage in 
the striatum remain to be elucidated. It is remarkable that the 
protective action is exerted on projection neurons which lack both 
the high- and low-affinity receptors for NGF, i.e. TrkA and p75' . 
respectively (Yan & Johnson, 1989; Sobreviela et al., 1994). However, 
there is good evidence from several lesion models that NGF can have 
protective effects also on neurons not expressing NGF receptors. 
Death of striatal projection neurons following injection of excitotoxms 
in adult rats (Schumacher etal, 1991; Frim etal., 1993a b; Emench 
et al 1994- Martinez-Serrano & Bjorklund, 1996b; Kordower et al 
1997) or after hypoxic-ischaemic insults in neonatal animals 
(Holtzman etal., 1996) is mitigated by administration of NGK 
Similarly, NGF protects hippocampal CAl neurons against degenera- 
tion caused by transient forebrain ischaemia in gerbils (Shigeno et al 
1991) and rats (Pechan etal., 1995), despite the very low levels o 
TrkA expressed in these neurons (Cellerino. 1996). Our data do not 
reveal when, in relation to the insult, NGF has to be administered in 
order to increase the resistance of striatal projection neurons to 
ischaemic damage. Arguing in favour of an acute protective ac ion 
(Holtzman etal., 1996) found that NGF ameliorated neuronal mju^ 
in the neonatal striatum when injected intraventricularly just betore 
and at 48 h after a hypoxic-ischaemic insult. 

Hypothetically. NGF might counteract several of the molecular 
and cellular mechanisms believed to be involved m medrntm 
ischaemic damage, including enhanced production of free radic^h o 
nitric oxide, derangement of cell calcium homeostasis, and release o 
excitatory amino acids and activation of glutamate receptors, ^up- 
Dorting a role for NGF in activating free-radical detoxifymg systems 
NcScedincreasedcatalaselevelsinculturedPCllc 
et al 1994) and implantation of NGF-producing fibroblasts into tne 
rat striatum gave rise to elevated catalase acti^vity (Fnm er^-^ 
1994) The elevated striatal NGF levels might also counterac tn 
neurotoxicity caused by nitric oxide, which is released dunng foca 
ischaemia and reperfusion (Malinski et al., 1993; ^umura e/ «/. 199 ^ 
Sato et al., 1994). Treatment with NGF for several Jays jncrease^^^^^ 
resistance of PC12 cells to nitric oxide (Wada et al., 1996). Further 
" trastriatal grafts of NGF-secreting fibroblasts atteni^ 
3-nitrotyrosine formation induced by the mitochondiaal oxm 3-m.r 
propionic acid, possibly by inhibiting nitric ox.de production (Galpem 
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etai, 1996). NGF has also been shown to prevent the increase of 
intracellular Ca^"*" levels and the degeneration of hippocampal neurons 
exposed to hypoglycaemia in vitro (Cheng & Mattson 1991; Mattson 
& Cheng, 1993). Several studies have demonstrated that NGF can 
reduce excitotoxic neuronal damage in the striatum (Schumacherer ai, 
i- I; Frim et aiy 1993a, b; Emerich etai, 1994; Martinez-Serrano 
& Bjorklund, 1996b). In addition, it cannot be excluded that NGF 
might have altered the pattern of striatal blood flow during and 
following the present insult. It is unlikely that the protective effect 
was due to a NGF-induced change of postischaemic temperature 
regulation. In a parallel study, with identical experimental groups, 
the animals were normothermic at 1 h after 30 min of MCAO, without 
any difference between the groups (G. Andsberg etaL, unpublished 
observations; see also Zhao et al, 1994). 

Tn conclusion, the present results indicate that elevated levels of 
iNv.F locally in the striatum increase the resistance of striatal projection 
neurons to cell death caused by transient focal ischaemia. However, 
it must be underscored that our data do not show whether biological 
delivery of NGF might become of therapeutic value in patients with 
stroke. It now seems highly warranted to clarify the mechanisms of 
neuroprotection by NGF and when, in relation to the ischaemic insult, 
the neurotrophic factor has to be delivered to obtain this effect. Of 
particular importance will be to explore in animal models whether 
treatment with NGF can also ameliorate stroke-induced behavioural 
de^.cits. 

Acknowledgements 

We thank Maj-Lis Smith for helpful discussions and Cristina Ciomei, Alicja 
Hasch and Ulla Jarl for technical assistance. This work was supported by 
grants from the Ake Wiberg Foundation, Greta and Johan Kock Foundation, 
the Arbetsmarknadens ForsUkringsaktiebolag, the Swedish Su-oke Foundation, 
Thorsten och Elsa Segerfalks Stiftelse, the Human Frontier Science Program, 
the Faculty of Medicine of the University of Lund and the Swedish Medical 
Research Council. 

Abbreviations 

CHAT choline acetylu^sferase 

DARPP-32 dopamine- and adenosine 3':5'- monophosphate-regulated 
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EGF-responsive neural stem cells isolated from mu- 
rine striatum have the capacity to differentiate into 
both neurons and glia in vitro. Genetic modification of 
f-ese cells is hindered by a number of problems such 
as gene stability and transfection efficiency. To circum- 
vent these problems we generated transgenic mice in 
which the human GFAP promoter directs the expres- 
sion of human NGF. Neural stem cells isolated from the 
forebrain of these transgenic animals proliferate and 
form clusters, which appear identical to stem cells 
generated from control animals. Upon differentiation 
in vitro, the transgenic stem cell-derived astrocytes 
express and secrete bioactive hNGF. Undifferentiated 
GFAP-hNGF or control stem cells were transplanted 
into the striatum of adult rats. One and 3 weeks after 
transplantation, hNGF was detected immunocyto- 
chemically in an halo around the transplant sites. In 
GFAP-hNGF-grafted animals, intrinsic striatal neu- 
rons proximal to the graft appear to have taken up 
hNGF secreted by the grafted cells. Ipsilateral to im- 
plants of GFAP-hNGF-secreting cells, choline acetyl- 
transferase-immunoreactive neurons virithin the stria- 
tum were hypertrophied relative to the contralateral 
side or control-grafted animals. Further, GFAP-hNGF- 
gi afted rats displayed a robust sprouting of p75 neuro- 
trophin receptor-positive fibers emanating from the 
underlying basal forebrain. These studies indicate 
that EGF-responsive stem cells which secrete hNGF 
under the direction of the GFAP promoter display in 
vitro and in vivo properties similar to that seen follow- 
ing other methods of NGF delivery and this source of 
cells may provide an excellent avenue for delivery of 
neurotrophins such as NGF to the central nervous 

system, c 1997 Academic Press 



INTRODUCTION 

Until recently, it was thought that cells of the central 
nervous system (CNS) were essentially nonmitotic with 



a limited capacity for self-renewal. This inability would 
limit the potential for the CNS to repair after injury. 
Recently, however, a population of actively dividing 
cells within the subventricular zone of the adult mouse 
brain has been identified (32). In addition, Reynolds 
and Weiss (36) isolated a population of cells from the 
embryonic and adult mouse striatum which can be 
expanded indefinitely in vitro. In the continued pres- 
ence of epidermal growth factor (EGF), these cells 
proliferate and form small clusters of stem cells and 
stem cell progeny. In vitro, these stem cells can differen- 
tiate into the three major neural phenotypes (neurons, 
astrocytes, and oligodendrocytes), following removal of 
EGF and the addition of a small amount of fetal bovine 
serum (FBS) (37, 38, 43). Clonal analysis of these cells 
indicates that a single cell can give rise to a cell cluster 
containing neurons, astrocytes, and oligodendrocytes 
following differentiation (37). These data indicate that 
these cells possess the characteristics of a CNS stem 
cell including the capacity for self-renewal and multipo- 

tentiality. , „ 

The identification of stem cells in the CNS offers a 
new strategy for treatment of neurodegenerative dis- 
eases, as these cells may provide an optimal source ot 
donor material for direct transplantation into the dis- 
eased or injured CNS (10, 15, 42). Currently, CNS 
transplantation studies primarily employ primary fetal 
tissue. The limited availability of suitable tissue, 
coupled with the ethical, technical, and safety issues 
surrounding the transplantation of human fetal tissue, 
poses a significant impediment to clinical progress. Ihe 
ideal source of tissue for neural transplantation would 
be cells that can be exponentially expanded in culture 
without the use of oncogenes, banked, tested for the 
absence of adventitious agents, and cryopreserved. In 
addition, these cells should be capable of differentiating 
into appropriate phenotypes based upon environmen- 
tal cues. Neural stem cells provide such an option in 
that they fulfill all of these requirements. 
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While transplantation of neural stem cells into the 
CNS may provide a means for cellular replacement, 
transplantation of stem cells genetically modified to 
deliver growth factors would provide several advan- 
tages. Endogenous release of growth factors may in-, 
duce the stem cells toward appropriate neuronal pheno- 
types which could facilitate cellular replacement. These 
cells could integrate into the surrounding tissue and 
secrete growth factors directly into the parenchyma. 
These integrated cells would provide trophic support to 
locally damaged cells and could rescue cells from 
damage or death in disease states. In fact, the secretion 
of growth factors such as NGF or BDNF from trans- 
planted HiB5 neural cell lines can protect striatal 
neurons from excitotoxic damage (30). In vitro, growth 
factors such as BDNF (1) have been shown to enhance 
the differentiation of neuronal phenotypes from stem 
cells. In addition, hNGF secreted from encapsulated 
cells will induce hypertrophy and sprouting of the 
endogenous population of neurons (24) and NGF se- 
creted from fibroblast cell Unes will protect against 
excitotoxic damage such as quinolinic acid lesions 
(11-14, 39). 

To date, genetic modification of neural cells suffers 
from problems of toxicity genetic instability, and inad- 
equate transfection or infection efficiency These inher- 
ent problems make the application of genetically modi- 
fied stem cells for transplantation difficult. However, 
isolation of neural stem cells from transgenic mice in 
which promoter elements direct the expression of a 
gene of interest provides a more stable and efficient 
method of genetic modification (18). In the work de- 
scribed here, EGF-responsive stem cells have been 
generated from transgenic animals in which the GFAP 
promoter directs expression of hNGF. Upon differentia- 
tion, these stem cells are induced to form mature 
astrocytes which secrete bioactive hNGF. We have used 
these cells for transplantation into the adult rat stria-^ 
tum. These grafts prove to be functional since they' 
secrete NGF in vivo which induces the hypertrophy and 
sprouting of the endogenous choUnergic neurons within 
the rodent forebrain. 



METHODS 

GFAP-hNGF Construct 

Materials. All enzymes were purchased from Boeh- 
ringer Mannheim (New York, NY). The cloning vectors 
pBS-KS(+), pUCl8, and pcDNAl/Neo were obtained 
from Stratagene (La JoUa, CA), Boehringer Mannheim, 
and Invitrogen (La JoUa, CA), respectively G418 and 
Dulbecco's modified Eagle medium (DMEM) were from 
Gibco (Grand Island, NY). The calcium phosphate 
transfection kit was purchased from CloneTech (San 
Diego, CA). 



.Construction of the pGFAP-DHFR-l-hNGF expres. 
sion vector The pGFAP-DHFR-l-hNGF expression 
vector was generated through a three-step cloning 
process involving the construction of three intermedin 
ary cloning vectors: pBS(DX-B)-GFAP-rI2-MPi, 
pNUT-MPl-rI2-DSaZI-PacI-A5cI, and pGFApJ 
DHFR-1. Briefly, the pBS-KS(+) plasmid was digested 
by BamHI and Xhol, overhanging termini were filled in 
with DNA polymerase I (Klenow fragment), and the 
resultant plasmid was self-ligated. The resulting plas. 
mid pBS(DX-B) was digested by Notl and ligated to a 
2964-bp fragment isolated from pGFAP-rI2-MPl-PA2 
that was digested by B^^ZII, Klenow filled in, and Ugated 
to a Notl linker. The resulting plasmid was named as 
pBS(DX-B)-GFAP-rI2-MPl. The pNUT-MPl-rI2 was 
EcoRl digested and overhanging termini were filled in 
with DNA polymerase I (Klenow fragment) and Ugated 
to a Pad linker. A 3216-bp SaWBamKL fragment 
containing the MPl and pUC18 regions isolated from 
the above resulting plasmid pNUT-MPl-rI2-PacI was 
hgated to a 3083-bp SaWBamBI fragment containing 
the DHFR, MT-1, and rI2 regions isolated from pNUT- 
MPl-rI2-DSaZI. The resulting plasmid pNUT-MPl- 
rI2-DSaZI-PacI was then Sail digested and then over- 
hanging termini were filled in with DNA polymerase I 
(Klenow fragment), ligated to an AscI linker, and 
self-hgated generating the final intermediary cloning 
vector pNUT-MPl-rI2-DSan~PacI-AscI. A 5438-bp 
NotyBamBl fragment isolated from pNUT-MPl-I2- 
DSa/I-PacI-AscI was ligated to a 2434-bp NotyBamEl 
fragment isolated from pBS(DX-B)-GFAP-rI2-MPl. 
The resulting plasmid was named pGFAP-DHFR-1. 
The pGFAP-DHFR-l-hNGF expression vector was con- 
structed by subcloning a 2508-bp fragment containing 
the hNGF from pcDNAl/Neo/hNGF into the pGFAP- 
DHFR-1 intermediary cloning vector (Fig. 1). The result- 
ing plasmid pGFAP-DHFR-l-hNGF was sequenced in 
order to verify the hNGF insertion orientation. 
- . In order to verify the functionality of the construct, 
C6 glioma cells (1 X 10^) were transfected with 10 m of 
pGFAP-DHFR-l-hNGF plasmid and 1 iig of pcDNAl/ 
Neo plasmid using the calcium phosphate kit from 
CloneTech. Forty-eight hours after transfection, the 
culture medium was supplemented with 1 mg/ml of 
G418. Stably transfected cells were maintained in 
medium containing 1 mg/ml of G418. Bioactive hNGt 
secretion from these cells was determined by ELISA 
and PC 12 neurite outgrowth. 

Transgenic Mouse Production 

The 7695-bp DNA fragment containing the GFAP- 
rI2-hNGF-MPl and SV40-mDHFR-HBV3' sequences 
was generated by Pad and AscI digestion and size 
selected by agarose electrophoresis (29). DNA was 
purified by the p-agarose treatment method according 
to the manufacturer's instructions. Transgenic mice 
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FIG 1 GFAP-DHFR-hNGF expression vector used for the generation of transgenic mice. The GFAP promoter is fused to the hNGF 
coding se;iuence. The mutant DHFR driven by the SV-40 promoter allows for amplification of this construct. 



were produced according to standard techniques. Ap- 
proximately 2 pi of DNA solution was microinjected 
into the male pronucleus of fertiUzed eggs obtained 
from the mating of FVB/N mice. The injected eggs were 
then transplanted into pseudo-pregnant females. Inte- 
gration of the transgene into the mouse genome was 
determined by PGR using unpurified DNA extracts 
from tissue digests according to the method of Hanley 
and Merlie (19). After removal of the striata from each 
fetus the remaining brain tissue was used for the DNA 
di - 3st. The PGR primers used for transgenic determina- 
tion were 5'-TGC TGG GGG GGATGT GTG GAG GTG 
GGT GGA GAA-3' and 5'-ATA GAG TGT TGT TAATGT 
TGAGGT GTG GGAAGAGGA-5'. Tissue for cell culture 
was isolated from fetuses as described below. 

Stem Cell Isolation and Culture 

Stem cells were isolated from the striata of E14.5- 
E15.5 mice as previously described (36). Briefly, striata 
w re removed from each fetus and mechanically disso- 
ciated using a fire-polished pipette. Separate cultures 
were generated from each fetus. Gell suspensions were 
grown in N2, a defined DMEM:F12-based (Gibco) me- 
dium containing 0.6% glucose, 25 jxg/ml insulin, 100 
//g/ml transferrin, 20 nM progesterone, 60 ^M putres- 
cine, 30 nM selenium chloride, 2 mM glutamine, 3 mM 



sodium bicarbonate, 5 mM Hepes. This medium was 
supplemented with 20 ng/ml murine EGF (GoUabora- 
tive Research). Typically, the cells grew in clusters 
which were passaged by mechanical dissociation ap- 
proximately once each week and reseeded at approxi- 
mately 60,000-75,000 cells/ml. 

Stem cells were differentiated by initially plating on 
polyomithine-coated glass coverslips. In these experi- 
ments"; stem cells were plated as clusters or as a single 
cell suspension. To induce differentiation, EGF was 
removed from the growth medium and the medium was 
supplemented with 1% FBS (Gibco). Gells were cul- 
tured for 5-10 days before fixation for immunocytochem- 
istry. 

Bioassay for hNGF 

To assay hNGF output from the individual stem cell 
cultures, the cells were first differentiated in FBS as 
described above. Stem cells were plated as clusters on 
polyornithine-coated plastic culture dishes. The cells 
were grown in N2 defined medium supplemented with 
1% FBS for either 1 or 2 weeks and were fed twice each 
week. At the designated time points, the conditioned 
medium (3 day conditioned) was removed and used for 
the bioassay The cultures were then placed in PG-1 
defined medium (BioWhitaker) for 24 h. At the end of 
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this pulse the PC-1 medium was removed and the 
hNGF levels were determined by ELISA. The number 
of cells in each culture was then determined by trypsin- 
izing the cells and counting them with a hemacytom- 
eter. 

The conditioned medium was used to induce PC 12a 
cell neurite outgrowth. In these assays, PCl2a cells 
were plated at 25,000 cells/cm^ in DMEM (Gibco) 
supplemented with 10% FBS. The next day the medium 
was removed and replaced with a 1:1 mix of DMEM 
with 10% FBS and the conditioned medium from the 
stem cell cultures. The PCl2a cells were then evalu- 
ated at 24 and 48 h to determine extent of neurite 
outgrowth. Outgrowth was scored qualitatively and 
compared to cultures which received recombinant NGF 
(Boehringer, Mannheim). These data were only used to 
determine if the secreted NGF was bioactive, rather 
than to quantify the extent of bioactivity 

Immunocytochemistry 

The stem cell cultures were fixed for 10-20 min at 
room temperature with 4% paraformaldehyde and then 
washed three times in 0.1 M PBS, pH 7.4. The cultures 
were then permeabihzed using a 2-min incubation in 
100% EtOH and washed again with 0.1 M PBS. Cul- 
tures were then incubated in 5% NGS (normal goat 
serum) in 0.1 M PBS with 1% Triton X-100 (Sigma) for 1 
h at room temperature. Primary antibodies were di- 
luted in 1% NGS + 1% Triton X-100 for 2 h at room 
temperature. The cultures were washed in PBS and 
incubated vdth secondary antibodies diluted in 1% 
NGS with 1% Triton X-100 for 30 min at room tempera- 
ture in the dark. 

The primary antibodies used were: Nestin, 1:500 
(rabbit polyclonal, generously provided by R. McKay); 
O4, 1:25 (monoclonal, Boehringer Mannheim); p- 
tubulin, 1:1000 (monoclonal, Sigma); and GFAP, 1:500 
(polyclonal, DAKO). The secondary antibodies jised in 
these experiments were goat anti-mouse-FITC (1:1^) 
and goat anti-rabbit-TRITC (1:80) (both from Sigma). ' 




NGF ELISA 

Quantitation of hNGF released from differentiated 
GFAP-hNGF cells was performed as described previ- 
ously (24). 

Animal Subjects 

Adult male Sprague-Dawley rats (Taconic Breeders, 
Germantown, NY) approximately 3 months old and 
weighing 300-350 g were used in these studies. The 
animals were housed in groups of three to four in a 
temperature- and humidity-controlled colony room 
which was maintained on a 12-h light/dark cycle with 
lights on at 0700 h. Food and water were available ad 
libitum throughout the experiment. Beginning 1 day 
before transplantation, all animals received daily ip 



injections of 1 mg/kg cyclosporin. After 2 weeks, cycl'^ 
sporin injections were replaced by oral immunosuppfn^^ 
sion (Neoral, Sandoz). All experimentation was co^f 
ducted in accord with NIH guidelines. !^ 

Surgery Jp 

Rats were anesthetized with sodium pentobarbital^ 
(45 mg/kg, ip) and positioned in a Kopf stereotaxic 
instrument. A midline incision was made in the scaln 
and a hole was drilled for the injection of cells into the 
striatum. Rats received unilateral implants into the ■ 
•left striatum using a glass capillary attached to a IQ-fjl^ 
Hamilton syringe, at two sites with control stem cells ' 
(cell line 74-43, ^ = 8) or GFAP-hNGF stem cells (cell I 
line 74-61, n = 8). The stereotaxic coordinates for im-S. 
plantation were: +0.2 mm anterior to Bregma, 3.2 mm ^ 
lateral to the sagittal suture, and 5,4 mm below the^^ 
cortical surface; and -0,2 mm posterior to Bregma, 3.2 $• 
mm lateral to the sagittal suture, and 5.4 mm below the ! ■ 
cortical surface (35). The cells were unilaterally in- 1; 
jected in two 1.0-/^1 deposits at each injection site by % 
injecting one deposit at 5.4 mm and another at 4.9 mm |: 
ventral from the cortical surface, and then 1 



- min of i| 

diflFusion time was allowed after the first injection and i 
an additional 3 min of diffusion time was allowed after K 
the final injection. Each animal received a total of fi 



250,000-500,000 cells in a total volume of 2 pel. Cells 
were transplanted 1-2 days after passaging and the 
cell suspension was made up of undifferentiated stem 
cell clusters of 5-20 cells. In this experiment stem cells 
were implanted at passage 34 (control) or passage 35 
(GFAP-hNGF). Following implantation, the skin was 
sutured closed. 

Histology 

Animals from the initial experiment were transcardi- 
ally perfused using a peristaltic pump with 20 ml saline 
followed by 500 ml of 4% paraformaldehyde. All solu- 
tions were ice cold (4*^0 and prepared in 50 mM PBS 
(pH 7.4). Brains were removed following fixation, placed 
in 25% buffered sucrose (pH 7.4), and refrigerated for 
approximately 48 h. Sections throughout the entire 
striatum were cut at 40-jim intervals on a cryostat and 
stored in a cryoprotectant solution. Adjacent sections 
through the striatum were processed for the immunocy- 
tochemical localization of choline acetyltransferase 
(ChAT; 1:1000, Chemicon) as previously described (H, 
25) using the labeled antibody procedure (21). One 
series of sections was stained for glutamic acid decarbox- 
ylase (GAD; 1:7500, Oncogene) with nickel intensifica- 
tion using a modification of the above procedure (see 25 
for details). Another series of sections was stained 
using M2, a mouse-specific marker (generously pro- 
vided by Dr. Carl Lagenaur; 1:20 or 1:50). All immuno- 
histochemical reactions were terminated by three 1- 
min rinses in PBS. Sections were mounted, dehydrated, 
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and coverslipped. Control sections were processed in an 
identical manner except the primary antibody solvent 
or an irrelevant IgG was substituted for the primary 
antibody. It is important to note that even though 
staining was eliminated in sections in which the pri- 
mary antibody was deleted or an irrelevant IgG was 
substituted, the potential for antiserum to react with 
structurally related proteins cannot be excluded. Thus, 
a degree of caution which is inherent to immunohisto- 
chemical procedures is warranted. In this regard, the 
terms ChAT, GAD, or GFAP immunoreactivity in this 
study refers to -"like" immunoreactivity (IR). A sepa- 
rate series of sections through the striatum were 
stained for NADPH-diaphorase (NADPH-d; Sigma) as 
described previously (2). Adjacent sections were stained 
for Nissl to aid in cytoarchitechtonic delineation. 

Nerve growth factor antibody production and charac- 
terization. We used a polyclonal antibody directed 
against mouse NGF to determine spread of this neuro- 
trophin from grafted cells and to examine the potential 
uptake of graft-derived hNGF within host striatal 
neurons. Antibody production and characterization have 
been reported previously (7, 8, 24, 33). 

Nerve growth factor-like immunohistochemistry. 
Animals were prepared for NGF immunocytochemis- 
try. These animals were perfused transcardially with 
cold 0.9% saline followed by fixation with 2% parafor- 
maldehyde + 0.2% parabenzoquinone in 0.1 M phos- 
phate buflFer (pH 7.4; see 7, 8, 33). Histological sections 
were then processed for NGF-like immunohistochemis- 
try with a rabbit polyclonal antibody against mouse 
P-NGF according to a modification of our previously 
described procedure (7, 8, 24, 33). Immunocytochemical 
controls were included as described previously (24). 

Quantitative Morphometric Analysis 

Morphometric analysis of cell area was carried out 
using the NIH Image analysis system. Coronal sections 
through the striatum at the level of the graft were 
analyzed. Every ChAT- or GAD-immunoreactive neu- 
ron within the striatum of each analyzed section was 
measured using a computer mouse to manually trace 
the borders of the immunoreactive perikarya. The size 
of the cell soma of ChAT or GAD neurons within the 
striatum of each section analyzed was quantified by an 
individual blinded to the animal's experimental condi- 
tion. 



RESULTS 

GFAP'hNGF Transgenic Animals 

For these experiments, transgenic mice were gener- 
ated by microinjection as described under Methods. 
The DNA construct consisted of the hGFAP promoter 
driving expression of the hNGF gene, as shown in Fig. 



1. All of the fetuses (transgenic and nontransgenic) 
were anatomically indistinguishable. Of the 82 fetuses 
examined, 20 (24%) were positive for the transgene by 
PCR. Individual EGF-responsive stem cell cultures 
were generated from the striata from each fetus. Stem 
cell-derived astrocytes from these fetuses displayed 
varying levels of hNGF secretion, as described below. 

Isolation and Characterization ofEGF-Responsive 
Stem Cells from GFAP-hNGF Transgenic Mice 

The striatum was isolated from individual transgenic 
animals as described under Methods. The striata were 
dispersed into a single cell suspension and the cells 
were seeded in EGF-containing medium. Within 5-7 
days, the cells proliferated, forming clusters of cells 
which appeared identical to the EGF-responsive stem 
cells isolated from nontransgenic controls. After about 
1 week in vitro, the clusters were mechanically dissoci- 
ated and the single cells grew into clusters- again. 
Individual stem cell cultures from both transgenic and 
control animals were passaged about once per week. 
Analysis of cell number and cell division ensured that 
the clustering of the cells was the result of proliferation 
rather than aggregation. Cells isolated from GFAP- 
hNGF mice or from control littermate animals doubled 
every 1.2-2.8 days without diflFerences between the 
proliferation rate of the transgenic and control ani- 
mals. In addition, stem cell clusters isolated from both 
transgenic animals and control animals were immu- 
nopositive for nestin, an intermediate filament protein 
(Fig. 2A) in neural stem cells (27), 

Neural stem cells firom several of the GFAP-hNGF 
lines were also assessed for their ability to differentiate 
into all of the major neural phenotypes (neurons, 
astrocytes, and oligodendrocytes). In these experi- 
ments differentiation was induced by culturing the 
cells on polyornithine, removing EGF, and adding 1% 
-5BS. As demonstrated in Figs. 2B-2D, positive immu- 
noreactivity was found using antibodies which recog- 
nize neurons (p-tubulin), astrocytes (GFAP), and oligo- 
dendrocytes (04), These data indicate that the stem 
cells derived from the transgenic animals are multipo- 
tent. Furthermore, this multipotentiality was observed 
in cells which had been passaged as many as 25 times 
(Figs. 2B-2D). 

The ability of the differentiated cells to express 
hNGF was also examined. Because hNGF expression is 
driven by the GFAP promoter, hNGF is predicted to be 
expressed by the differentiated astrocytes. In these 
experiments, the individual stem cell cultures were 
induced to differentiate as described under Methods. At 
either 1 or 2 weeks postdifferentiation, the conditioned 
medium fi-om each of the cultxires was evaluated for 
hNGF by ELISA. Expression levels ranged from ap- 
proximately 0.1 to 2.0 ng/mI/50,000 cells/24 h (Table 1). 
Furthermore, conditioned medium fi:'om the differenti- 
ated stem cells induced neurite outgrowth from PC12 
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A. Nestin 





C. R-tubulin 





FIG. 2. Immunocytochemical characterization of stem cells derived from transgenic mice expressing GFAP-hNGF. (A) Nestin staining of 
undifferentiated GFAP-hNGF stem cells. Upon differentiation, these cells generate astrocytes (B), neurons (C), and oligodendrocytes (D). 
Stem cells were induced to differentiate by culturing them in N2 supplemented with 1% FBS for about 1 week. Note that multipotentiality of 
these cells is maintained over time, Panels (B-D) are from cells passaged 23-25 times. 



cells (Table 1 and Fig. 3), indicating that the hNGF 
secreted by these cells in vitro is bioactive. Human 
NGF secretion is detectable after passaging the stem 
cells more than 25 times, suggesting that the cells 
retain a high level of genetic and phenotypic stability 
(Table 2). In particular, Table 2 shows the hNGF output 
from the cell line which was subsequently used for 
transplantation into rat striatum. With increasing pas- 
sage, the levels of hNGF from differentiated astrocytes 
remained high, and up to 2 weeks postdifferentiation 
similarly high levels of NGF were secreted (in contrast 
to many viral vectors). Although the levels of hNGF 
secretion vary somewhat, they do not appear to decline 
with increasing passage. In fact, the highest values of 
hNGF secretion were from cells passaged 28 times. 
Even after cryopreservation, the stem cell-derived astro- 
C3rtes also secrete hNGF (data not shown), indicating 
the stability of the transgene. 

The hNGF output of undifferentiated stem cells has 
also been measured (Table 3). In most cultures, the 



NGF levels are not detectable. However there are a few 
cell lines which have measurable levels of hNGF secre- 
tion. This may result from a subpopulation of cells 
which are diSerentiating toward an astrocyte lineage 
and are expressing GFAP. It is also possible that the 
expression of NGF from the GFAP-hNGF transgene is 
seen somewhat earlier than the endogenous GFAP 
gene. 

The constructs used to generate the GFAP-hNGF 
mice contain the mutant dihydofolate reductase gene 
(DHFR). We attempted to increase NGF secretion 
levels in these cells using MTX selection. In these 
experiments, GFAP-hNGF cell lines 74-46 and 74-61 
were selected with either 200 r\M MTX or 1 ^M MTX. 
Selection continued for at least 2 months before assess- 
ing NGF output by the stem-cell-derived astrocytes. 

NGF output from cell line 74-46 increased approxi- 
mately 9- to 16-fold upon selection with 200 nM and 1 
jiM MTX selection (data not shown). However, cell line 
74-61 NGF output did not show a significant increase 
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TABLE 1 

NGF Levels in Conditioned Medium from Differentiated 
GFAP-hNGF Neural Stem Cells 



line 



74-21 
74-43 
74-16 
74-16 
74-46 
74-49 
74-::5 
74-58 
74-59 
74-61 



Pas- 
sage 


Genomic 
PGR 


lS|(jrr /OUIV 

cells 
(pg/Z4 n) 
1 week 


1 week 


NGF/50K 
cells 


PC12 
bioassay 
2 weeks 


23 




0 




0 




1 




0 




0 




11 


+ 


1805 




200 


+ + + + 


23 


4- 


426 


+ + + 


535 


+ + + 


12 


-f 


609 


++++ 


256 




1 


-f 


355 




722 


+ -1- + -^ 


1 


+ 


690 


+ + + + 


859 


+ + + 


1 




141 




614 




1 




126 


+ + 


301 


+ 


1 




2282 


+ + + 4- 


2188 


+ + + 



Note Human NGF secretion from stem cells derived from trans- 
genic animals expressing GFAP-hNGF Neural stem cells were 
differentiated for 1 or 2 weeks and assayed for NGF output by ELISA. 
Differentiation of these cells results in astrocyte formation and the 
activation of the GFAP promoter directing hNGF expression. Values 
indicate output for 24 h. Conditioned medium from the cultures was 
ah tested on PC12 cells for bioactivity PC12 cell cultures were 
ranked for neurite outgrowth from - (no outgrowth) to + + + + 
' (greatest outgrowth). 



after MTX selection. Therefore, it seems that one of the 
cell lines shows an increase in NGF secretion and the 
other cell line does not shov/ a definite effect. These 
data suggest that cell lines generated from different 
transgenic animals may show differences in the effect of 
selection. Differential effects of MTX on the amplifica- 
tion may reflect the different integration sites of the 
transgene in each cell line. 

Transplantation of GFAP-hNGF and Control 
Stem Cells 

Localization of grafted stem cells using M2 immuno- 
histochemistry, GFAP-hNGF and control cells de- 
rived from nontransgenic littermates were trans- 
planted into adult rat striatum. The animals survived 
either 1 or three weeks posttransplantation. A mouse- 
specific antibody, which stains primarily glia, but also 
some neurons (M2), was employed as a species-specific 
marker for grafted stem cells (28, 34, 46). Using this 
marker, the grafted cells were successfully identified in 
all control and GFAP-hNGF-grafted animals (Fig. 4). 
This antibody predominantly stains the external cell 
membrane and, as such, perikarya are usually not 
visualized. In all animals, clusters of M2-IR stem cells 
were observed, principally within and around the needle 
tract with M2-positive processes extending for some 
distance into the surrounding tissue (Fig. 4). Little, if 
any, migration of M2-IR cells was observed. The excep- 
tion to this staining pattern was observed principally at 



the base of injection sites where a dense column of cells 
within the tract expanded into a teardrop-shaped or 
round cluster of cells or within the periphery of a graft 
deposit. At these sites, M2 immunoreactivity was local- 
ized within grafted perikarya. Due to the localization of 
M2 immunoreactivity, quantitation of the number of 
viable grafted stem cells was not possible. Occasional 
macrophages were identified in the perigraft area; 
however, this did not appear to be correlated with the 
type of cells transplanted. 

Expression, secretion, and utilization of graft-derived 
hNGF We used a polyclonal antibody raised against 
hNGF to evaluate the time-dependent expression of 
hNGF within grafted stem cells, to assess the diffusion 
of graft-derived hNGF within the host striatum, and to 
determine whether host striatal neurons could take up 
graft-derived hNGF. Within the host striatum, hNGF 
immunoreactivity was not observed in rats receiving 
implants of control stem cells (Figs. 5A and 6A). In 
contrast, dense hNGF immunoreactivity was localized 
within the graft of the GFAP-hNGF cells (Figs. 5B- 
5E). In addition, a halo of hNGF-IR was observed 
within the perigraft region in rats receiving implants of 
hNGF-secreting stem cells (Figs. 6B-6D). This halo of 
hNGF-IR was not localized to a cellular structure. 
Rather, the staining pattern was diffuse in nature and 
localized within the neuropil proximal to the implant 
site in a manner similar to that seen following implants 
of hNGF-secreting fibroblasts (26) or NGF infusions 
(33). The area of hNGF-IR within the host striatum was 
small and rarely exceeded 2 mm. As was seen within 
the graft itself, the expression of hNGF-IR within the 
striatal neuropil decreased with time from transplanta- 
tion (Fig. 5). Dense hNGF-IR was observed in all rats 
receiving hNGF-secreting stem cell implants which 
were sacrificed 1 week posttransplantation (Figs. 6B 
and 60). In contrast, hNGF-IR was only discerned in 
half of the rats receiving identical implants but sacri- 
ficed .3 weeks after grafting. In the animals in which 
hNGF-IR could be seen, the intensity of staining was 
diminished relative to rats sacrificed only 1 week 
postgrafting (Fig. 6D). 

Within the host striatum of rats receiving hNGF- 
secreting stem cell grafts, neurons proximal to the 
implant site exhibited hNGF-IR (Figs. 6C-6F). This 
staining pattern was absent in rats receiving control 
stem cell implants. NGF-IR cells were observed within 
the striatum of rats receiving hNGF-secreting stem 
cells and sacrificed either at 1 (Figs. 6C and 6E) or at 3 
(Figs. 6D and 6F) weeks postgrafting. These cells were 
small in size (20-30 //m in diameter) and displayed a 
granular staining pattern within the somata and proxi- 
mal dendrites. These cells were principally localized 
within the halo of graft-derived NGF-IR. However, 
some striatal neurons containing NGF-IR could be seen 
for short distances outside this halo of secreted NGF. 
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suSm^nted ^2 ^T^lTr^^^ I^^^^^ ^J'"^ GFAP-hNGF derived astrocytes. Stem cells were diflferentiated for 2 weeks in medium 
3 .n^lnl ir H J conditioned medium from these cultures was placed into PC12a cultures for 48 h. (A) Conditioned medium 

cTprSny ' ""^"^'^ outgrowth. (B) Neurite outgrowth is induced by conditioned medium from GFAP-hNGF stem 



Effects of hNGF stem cell implants upon the size of 
striatal neurons. Cellular delivery of NGF has been 
previously demonstrated to induce hypertrophy and 
sprouting of cholinergic neurons (23). To determine if 
the hNGF secreted from the grafted stem cells induced 
this type of effect, ChAT IR was examined. ChAT-IR 



neurons were observed bilaterally scattered through- 
out the striatum; this staining pattern was eliminated 
following deletion or substitution for the primary anti- 
body. ChAT-IR neurons were rounded and multipolar 
displaying a morphological profile consistent with iden- 
tification as cholinergic intemeurons (e.g., 23). 
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The transplant procedure itself did not influence the 
e of cholinergic striatal interneurons. The size of 
f hAT-IR striatal neurons ipsilateral to control stem 
11 implants was similar to that seen on the intact, 
*^ongi'afted side (Figs. 7A and 7E). In contrast, rats 
"eceiving grafts of stem cells genetically modified to 
secrete hNGF displayed a significant hypertrophy of 
striatal ChAT-IR perikarya ipsilateral to the implant 
relative to animals receiving identical grafts of control 
cells (Figs. 7B and 7F). A different score analysis with 
regard to cross-sectional area of ChAT-IR neurons 
revealed that cholinergic striatal neurons were signifi- 
cantlv larger in NGF-grafted animals relative to the 
intaci side (P(a,3) = 3.17; P < 0.05) (Fig. 8). 

GABAergic neurons were also examined for possible 
hypertrophy induced by the hNGF. GAD-IR (Figs. 7C 
and 7D)-positive neurons were observed scattered 
throughout the striatum bilaterally in all animals in a 
pattern similar to that seen previously (11, 24). Quanti- 
tative evaluation of cell size for GAD-IR-positive cells 
revealed that these cells were unaffected following 
implants of hNGF-secreting stem cells (Fig. 8). 

Graft-derived sprouting of p75^'^^-immunoreactive 
fibers. - Within the host forebrain, p75NTR-IR was local- 
ized exclusively within basal forebrain perikarya in a 
pattern similar to what has been described previously 
(e.g., 22, 23). Deletion or substitution of the primary 
antibody resulted in the elimination of specific stain- 
ing. In every rat receiving implants of hNGF-secreting 
stem cells, a collection of p75N'^Mmmunoreactive fibers 
was observed encompassing the implant site (Figs. 
9A-9C). This was true for rats sacrificed both 1 and 3 
weeks posttransplantation. In contrast, no such stain- 
ing pattern was present in any rat receiving control 
stem cell implants (Fig. 9D). In hNGF-grafted rats. 



TABLE 2 

hNGF Output from GFAP-hNGF-Derived Astrocytes 







Assay time 


hNGF 


Ce!! line 


Passage 


point (week) 


(pg/50K cells) 


74-61 


1 


1 


2282 


74-61 


1 


2 


2188 


74-61 


12 


1 


603 


74-61 


12 


2 


486 


74-61 


18 


1 


2743 


74-61 


18 


2 


2045 


74-61 


18 


4 


3110 


74-61 


23 


2.5 


3331 


74-61 


28 


1 


9720 


74-61 


28 


2 


6227 



Note, Stable secretion of hNGF from a single stem cell line 
generated from a GFAP-hNGF transgenic mouse. This cell line was 
passaged 28 times and still demonstrated significant hNGF output. 
Differentiation of these cells results in astrocyte formation and the 
activation of the GFAP promoter directing hNGF expression. Values 
indicate output for 24 h. 



TABLES 



hNGF Levels in Conditioned Medium from Undifferentiated 
GFAP-hNGF Stem Cells 







Genomic 


hNGF 


Days of 


Cell line 


Passage 


PGR 


(pg) 


conditioning 


74-43 


11 


- 


0 


7 


74-44 


9 


- 


0 


7 


74-8 


36 


+ 


0 


7 


74-16 , 


12 




126 


8 


74-16 


35 


+ 


0 


8 


74-29 


32 


+ 


u 


7 


74-45 


10 




0 


8 


74-46 


11 


+ 


2320 


7 


74-48 


10 


+ 


0 


7 


74-49 


10 


+ 


0 


7 


74-55 


10 


+ 


0 


7 


74-58 


10 




0 


7 


74-59 


10 


+ 


0 


8 


74-61 


11 




4324 


7 . 


74-63 


10 




0 


7 



Note. Human NGF secretion from undifferentiated stem cells 
derived from transgenic mice in which the GFAP promoter directs 
expression of hNGF. Neural stem cells were maintained in defined 
medium containing EGF for the number of days indicated. The 
conditioned medium was then assayed for hNGF by ELISA. 



p75NTR.iR fibers surrounded the graft site and contin- 
ued to traverse dorsally up the needle tract (Fig. 90). 
These fibers did not stain for dopamine-3-hydroxylase 
(data not shown) ruUng out the possibility that this 
innervation could result from ingrowth of sympathetic 
fibers which are also immunoreactive for p75^™. Rather, 
these fibers appeared to emanate from p75^-IR cholin- 
ergic neurons located within the adjacent basal fore- 
brain. Indeed, processes from cholinergic basal fore- 
brain neurons projected toward and into the perigraft 
region (Fig. 9A). In rats sacrificed 3 weeks posttrans- 
plantation, there was a slight decrease in the density of 
p7^NTR.iR fibers surrounding the graft;; however, numer- 
ous p75^'^^-IR fibers were still evident. 

DISCUSSION 

The transplantation of neural stem cells offers an 
opportunity to protect endogenous cells and facilitate 
cell repair or replacement. In addition, genetic modifica- 
tion of these cells will facilitate the parenchymal deliv- 
ery of growth factors. The genetic modification of 
neural stem cells by traditional methods is hindered by 
the difficulties in gene stability and transfection effi- 
ciency Furthermore, upon transfection or infection, 
stem cells may not remain pluripotential or may .be 
fundamentally altered (16). The use of transgenic mice 
to control expression of the gene of interest avoids these 
problems. In the present studies we generated trans- 
genic mice in which the GFAP promoter directs the 
expression of hNGF. The use of the GFAP promoter 
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FIG. 4. (A) Low- and (B-D) high-power photomicrographs of M2-immunostained sections illustrating the presence of dense clusters of 
surviving GFAP-hNGF stem cells 3 weeks after transplantation. Scale bar in C, 500 ^m in A; 100 ;/m in B and C; and 67 ^m in D. 
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FIG. 5. NGF-immunostained sections through the striatum of stem cell grafted rats. (A) Note a^^^^^^^ 
implant of control (non-NGF secreting) stem cells (arrows). (B) Low-power Photom.cro^aph of a d^^^^^^^^ 
stem cells which express NGF immunoreactivity in vivo and were sacrificed 1 ^^^^^ P°«"'"^Plf ^^^^^^ 
cell cluster as in B illustrating that virtually every cell expresses NGF —^^'^XcI^. hlr^TA 2^^ 
illustrating that fewer grafted stem cells express NGF-IR 3 weeks posttransplantation. Scale bar in A. 250 m in A, lou fimmn 

Um C and E. 
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FIG. 6. Low-power photomicrographs of NGF-immunostained sections from rats receiving (A) control or (B) hNGF-secreting stem cell 
implants and sacrificed 1 week posttransplantation. (A) Note the absence of NGF-IR within and around the graft site (arrow). In contrast, 
endogenous NGF-IR can be discerned in this animal within the septal/diagonal band complex. (B) In a rat receiving genetically modified stem 
cells, NGF-IR can be seen within the graft and a halo of graft-derived NGF secreted into the host striatum can be seen (arrowheads). (C) At 
higher magnification, the halo of graft-derived NGF can be seen (arrowheads). Within the striatum, host striatal neurons appear to have taken 
up graft-derived hNGF and transported this neurotrophin back to the cell soma. (D) The intensity of NGF-IR within the host was diminished 
in rats receiving stem cell implants and sacrificed 3 weeks posttransplantation. NGF-IR striatal perikarya could still be observed at this time 
point. (E and F) High-power photomicrographs of host striatal neurons from rats sacrificed at (E) 1 and (F) 3 weeks posttransplantation, these 
cells display the characteristic granular staining pattern of neurons which retrogradely transport NGF. Scale bar in A, 1000 fim in A and B; lOO 
in C and D; and 50 pim in E and F. 



allows cell-specific expression of the growth factor in 
astroc3rtes. Although endogenous mouse GFAP expres- 
sion is not detected until E16.5 (3, 20), the GFAP-lacZ 
transgene has been detected as early as E12.5 (4). 
Therefore, it is possible that hNGF is secreted before 
harvesting EGF-responsive stem cells at E15. However, 



endogenous hNGF expression does not appear to inter- 
fere with the normal development of the embryos or 
acquisition of multipotential neural stem cells. 

EGF-responsive neural stem cell lines were obtained 
from a number of founders with chimeric expression of 
the GFAP-hNGF construct. The stem cells appeared 
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FIG. 7. ChAT (A,B,E,F) and GAD (C,D)-immunostained sections from rats receiving intrastriatal stem cell implants. Note the 
hypertrophy of ChAT-IR neurons in rats receiving stem cell grafts which were genetically modified to secrete hNGF (B,F) relative to rats 
receiving control (non-hNGF secreting) stem cell implants (A,E). In contrast, GAD-IR striatal neurons were similar in size in rats receiving 
control (C) or hNGF (D)-secreting stem cell grafts. Scale bar in C, 250 jim in A-D and 50 nm in E and F. 



similar to stem cells generated from littermate control 
animals as evidenced by their similar proliferation 
rates and pluripotentiality. Upon differentiation, cell 
lines generated from diflFerent founder animals showed 
varying levels of hNGF expression. In addition, detect- 
able levels of hNGF were found in conditioned media 
from some of the undifferentiated GFAP-hNGF stem 
cell lines. These cultures contain a diversity of cell 
types, including progenitor cells or astrocyte precursor 
cells. As the clusters of cells grow in size, the cells which 
reside in the interior of the cluster are likely to begin 
differentiating, in part, because they are no longer 
exposed to the EGF in the medium. It is likely that the 
hNGF detected in these cultures is the result of a GFAP 
promoter activity in differentiated astrocytes or astro- 
cyte precursors within the stem cell cultures. Although 
GFAP is not detected immunocytochemically in the 



undifferentiated cultures, there may be a low level of 
GFAP expression which is not detected using immuno- 
staining. This small population of cells may exhibit 
GFAP expression from the endogenous gene and hNGF 
expression from the transgene. The NGF detected in 
these experiments is not due to the secretion of murine 
NGF by the cultured cells because the ELISAis specific 
for human NGF. Therefore, the levels of hNGF must be 
the result of transgene expression in this heteroge- 
neous population of cells. In situ hybridization studies 
would allow the determination of which cells in these 
cultures are expressing hNGF. 

As the stem cells were passaged, the multipotential- 
ity of the cells appeared to change. Qualitative observa- 
tions suggest that the number of neurons formed upon 
differentiation decreased after about passage 15-20. 
Although neurons could be identified as late as passage 
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FIG. 8. Quantitation of hypertrophy of cholinergic striatal neu- 
rons following implants of GFAP-hNGF or control stem cells. Grafts 
of GFAP-hNGF cells induced significant hypertrophy in endogenous 
cholinergic neurons, but not in GABAergic neurons. *P < 0.05. 



23 (Fig. 2B), the percentage of neurons within the total 
population appeared to decrease. This observation was 
noted in stem cells generated from both control animals 
and transgenics. Although the percentage of neurons 
diminished with increasing passage number, the per- 
centage of cells which differentiated into astrocytes 
appeared similar in control and transgenic animals. In 
addition, hNGF secretion from the astrocytes derived 
from transgenic animals did not appear to decrease as 
the cells were passaged; in fact, the hNGF secretion 
(hNGF secreted per cell) appears to increase with 
passage number. Cells were passaged as many as 35 
times and, upon differentiation, showed bioactive effi- 
cacy. Furthermore, cells which were cryopreserved and 
subsequently thawed also demonstrated reliable hNGF 
secretion (unpublished observations) similar to cells 
which were not previously frozen. 

After transplantation into adult rat striatum, both 
control and transgenic stem cells formed dense grafts 



which demonstrated significant survival. All of the 
animals were immunosuppressed throughout the course 
of the experiment which undoubtedly facilitated the 
survival of these xenografts. It is not clear if prolonged 
immunosuppression is necessary for graft survival 
although we are currently investigating the effects of 
different immunosuppression protocols. In addition 
using microtransplantation techniques in which there 
is very little damage to the host probably reduced the 
host-graft reaction. 

Although the stem cells survived well, they did not 
appear to migrate extensively. This limited migration is 
likely due to the host environment, rather than to the 
inability of the cells to migrate. It is recognized that the 
developing environment is more permissive for the 
migration of implanted cells (5, 6, 34). Stem cells 
transplanted into the embryonic (44) or the neonatal 
(45) brain have shown extensive migration. In the adult 
mouse brain, the rostral migratory pathway seems to 
be an exception where migration is permitted for 
transplanted cells (40). EGF-responsive stem cells la- 
beled with [^Hjthymidine before transplantation into 
the adult striatum showed labeled cells throughout the 
striatum, but differentiation of these cells was not 
detected (45), indicating that undifferentiated cells 
may migrate more efficiently. Furthermore, endog- 
enous stem cells can be induced to proliferate and 
migrate in the adult mouse by the intraventricular 
infusion of EGF (9). Therefore, transplanted stem cells 
appear capable of migration in adult CNS if provided 
with the appropriate environmental cues. In the experi- 
ments described here, the EGF-responsive stem cells 
have been transplanted into the adult CNS, an environ- 
ment which is thought to be inhibitory to migration. 
This finding is consistent with experiments in which 
rat-derived. EGF-responsive stem cells were implanted 
into 6-OHDA-lesioned rats (adult) and demonstrated 
minimal migration (41). 

In vitro, EGF-responsive stem cells can differentiate 
into neurons, astrocytes, and oligodendrocytes. How- 
ever, transplantation of these cells into the adult rat 
CNS results in the formation of astrocytes (45). In the 
experiments presented here, immunocytochemistry for 
the mouse-specific glial marker M2 was used to deter- 
mine the extent of the graft. Although immunocytochem- 
istry with M2 precludes identification of these cells as 
oligodendrocytes or astrocytes, it is most likely that the 
majority of the cells in these experiments have differen- 
tiated into astrocytes based on the expression of the 
hNGF transgene from the astrocyte-specific GFAP pro- 
moter. 

Upon differentiation in vitro, the GFAP-hNGF- 
derived astrocytes secreted bioactive hNGF as evi- 
denced by the induction of neurite outgrowth in PC12 
cells. In addition, a halo of strong NGF immunoreactiv- 
ity was seen at the implant site 1 week posttransplanta- . 
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FIG. 9. p75^™-immunostained sections through the striatum of rats receiving hNGF-secreting (A-C) or control (D) stem cell implants. (A 
and B) A fine network of p75^™-IR fibers surround the hNGF-secreting stem cell implants 1 week following implantation. Note the presence of 
two p75^-IR interstitial neurons within the nucleus basalis proximal to the graft site (arrows). (C) This p75^-IR fiber staining pattern was 
still evident 3 weeks posttransplantation. (D) In contrast, no p75^-IR fibers were seen proximal to a control stem cell graft. Scale bar in D, 
100 inA-D. 
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tion, which decreased somewhat by 3 weeks posttrans- 
plantation. M2 staining at both time points appeared 
similar, indicating that this reduction in staining is not 
due to cell death within the grafts. It is possible that 



a stem cell line which will divide continuously in 
and will terminally differentiate into a nonmitotic cell 
for this type of transplantation resolves both of thesiC' 

v^^c^vx. V. ^ r- issues. Upon transplantation, these cells can difiTerentilw 

GFAP p7om^^ increased by gliosis induced ate into all of the major neural phenotypes that appejiff ; 

by transplantation procedures and that GFAP activity upon differentiation in vitro. EGF-responsive stem celul: 

will form oligodendrocytes in the md rat and sh oun^; 



is gradually reduced after the initial gliotic reaction to 
the implant directly resulting in a decrease in NGF 
secretion. Longer term studies are in progress to ad- 
dress the continued expression of the NGF once im- 
planted in vivo. It is interesting to note, however, that 
the expression of hNGF in cells which have been 
differentiated in vitro is maintained for as long as 6 
months (M, Carpenter, unpublished observations). 

Grafts of EGF-responsive cells induced a series of 
well-characterized NGF effects including hypertrophy 
of cholinergic striatal neurons, the uptake of graft- 
derived hNGF by host perikarya, and the sprouting of 
fibers emanating from the cholinergic basal forebrain. 
It is likely that these effects are mediated through the 
activation of the trkA receptor which is located within 
the cholinergic striatal and basal forebrain cells. Using 
a polyclonal antibody raised against NGF, we observed 
NGF-IR at both 1 and 3 weeks posttransplantation. 
This antibody only visualizes relatively high titres of 
NGF in vivo (see 23 for discussion) and it is likely that 
the current level of NGF-IR seen in the present study is 
an underestimate of the actual degree of expression. 
Indeed, although NGF-IR was diminished at the later 
time point, a number of lines of evidence suggest that 
bioactive levels of hNGF were still being secreted by 
grafted cells at the time of sacrifice. First, the hypertro- 
phy of cholinergic perikarya persisted for up to 3 weeks 
posttransplantation. We have previously demonstrated 
that NGF-mediated hypertrophy of choHnergic neurons 
in intact rats is dependent upon the continued bioavail- 
ability of NGF (23). After NGF removal, the hypertro- 
phy of cholinergic striatal neurons dissipates. Thiis, the 
continued hypertrophy of ChAT-IR neurons in the 
present study indicates that the continued expression 
of the graft-derived hNGF. Second, the classic NGF 
sprouting response seen in p75^-IR basal forebrain 
neurons was generally equivalent in rats sacrificed 1 or 
3 weeks posttransplantation. These findings support 
the concept that hNGF expression was sustained in 
these animals for the duration of the experiment. 

The use of neural stem cells for transplantation into 
the CNS offers a number of advantages over transplan- 
tation of primary tissue or other cell Unes. Primary 
fetal tissue transplantation relies on the availability of 
tissue, requiring as many as eight fetuses for a single 
transplantation into Parkinson's patients (26). In addi- 
tion, this tissue is only minimally safety tested, result- 
ing in "at risk" transplantation. The use of immortal- 
ized cell lines, such as fibroblast cell lines, introduces 
the risk of tumor formation at the graft site. The use of 



dysmyelinating spinal cord (17, 31). These cells willB 
also differentiate into astrocytes in the adult brain and'^X: 
neurons and astrocytes in the neonatal striatum (45). ^ 

The stable genetic modification of EGF-responsive 
stem cells allows the transplantation of a multipoten- 
tial cell line that can secrete growth factors which will^ 
direct differentiation of the cells. It is possible to ;t 
engineer stem cells to produce various growth factors or':-, 
mitogens under the control of cell-specific promoters. -J; 
The data presented here indicate that EGF-responsive 
stem cells can be isolated from GFAP-hNGF mice and 
will remain in an undifferentiated phenotype until H'';' 
induced to differentiate. Upon differentiation, either in^;' 
vitro or in vivo, astrocytes derived from these cells will 
produce bioactive hNGF The genetic modification of 
these cells can be extended to include other growth 
factors. In addition, different cell lines can be combined 
to deliver multiple factors which have synergistic or 
complementary effects. This type of system may allow ; 
parenchymal delivery of growth factors, and if the cells 
are induced to migrate (perhaps by coexpression of a 
factor that will keep the cells in a migratory state), this ■ 
may allow widespread parench3TTial delivery. 
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ABSTRACT 

The present study examined whether implants of epidermal growth factor (EGF)- 
^pItTS?^^^ ^''^"^^ ^^^^ derived from ti-ansgenic mice in which the glial fibrillary acid protein 
ik P»*omoter directs the expression of human nerve growth factor (hNGF) could prevent 
the degeneration of striatal neurons in a rodent model of Huntington's disease (HD) Rats 
received mtrastriatal transplants of GFAF-hNGF stem cells or control stem cells followed 9 
days later by an mtrastriatal injection of quinolinic acid (QA). Nissl stains revealed large 
striatal lesions m rats receiving control grafts, which, on average, encompassed 12.78 mm^ 
J^.^l\,^^Ji^^ lesion was significantly reduced (1.92 mm^) in rats receiving lesions and 
Cr^AF-hNGF transplants. Rats receiving QA lesions and GFAP-hNGF-secreting grafts stem 
ceU grafts displayed a sparing of striatal neurons immunoreactive (ir) for glutamic acid 
decarbo^lase, choline acetyltransferase. and neurons histochemicaUy positive for nicotin- 
amide adenosine diphosphate. Intrastriatal GFAP-hNGF-secreting implants also induced a 
robust sprouting of choUnergic fibers from subjacent basal forebrain neurons. The lesioned 
stnatmnm control-grafted animals displayed numerous p75 neurotrophin-ir (p75^'T^) astro- 
which enveloped host vasculature. In rats receiving GFAP-hNGF-secreting stem cell 
grafts the astroglial staining pattern was absent. By using a mouse-specific probe, stem cells 
were Identified m ail animals. These data indicate that cellularvdelivery of hNGF by genetic 
modification of stem cells can prevent the degeneration ^of. iuhierable striatal neural 
populations, mcluding those destined to die in a rodent model of HD, and supports the 
emerging concept that this technology may be a valuable therapeutic strategy for patients 
suttering from this disease, J. Comp. Neurol. 387:96-113, 1997. o im Wiiey-Uss, inc. 

Indexing tenmi: striatum; choline acetyltransferase; GABA; NADPH-diaphorase; 
inununohislochemlstry 



Huntington's disease (HD) is an inherited neurodegener- 
ative disease characterized by a relentlessly progressive 
movement disorder with psychiatric and cognitive deterio- 
ration. In 1993, it was discovered that an unstable expan- 
sion of a CAG trinucleotide repeat in the IT15 gene (The 
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NGF STEM CELL GRAFTS IN RODENT MODEL OF HD 

Himtiugton's Disease Collaborative Research Group. 1993) 
located near the telomere of the short arm of chromosome 
4 (Gusella et ai., 1983) produces this disease. HD is 
invariably fatal with an average of 17 years of symptom- 
atic illness. There are no effective treatments (e.g., Martin 
and Gusella, 1986). Although medications may reduce the 
severity of chorea or diminish behavioral symptoms, they 
do not increase survival or substantially improve quality of 
life as it relates to cognitive state, gait disorder, or 
dysphagia. 

The behavioral sequelae in HD results from a selective 
vulnerability of striatal neurons. (Ferrante et ai., 1985, 
1987; Vonsatel] et al., 1985; Kowall et al., 1987). Initially, 
the disease affects gamma-aminobutyric acid (GABA)- 
containing, medium-sized spiny neurons (Bird and Iver- 
son, 1974; Bird, 1980; Kowall et al., 1987), which innervate 
the globus pallidum and substantia nigra pars reticulata; 
critical parts of basal ganglia loop circuitry. Neurochemi- 
cally, there is a substantial loss of GABA within the 
Striatum (Bird and Iverson, 1974; Bird, 1980; Graveland et 
al, 1995; Kowall et al., 1987). Large, aspiny interneurons 
and medium, aspiny projection neurons are less affected 
and degenerate later in the disease process (Ferrante et 
al., 1985, 1987; Kowall et al., 1987). Levels of choHne 
acetyltransferase (ChAT)» substance P, cholecystokinin, and 
angiotensin-converting enzyme are decreased (see review 
Greenamyer and Shoulson, 1994), whereas the expression 
of some neuropeptides, such as somatostatin and neuropep- 
tide Y, ore increased in HD (Beal et al., 1988). In contrast, 
neurons that contain nicotinamide adenosine diphosphate-d 
(NADPH-diaphorase), neurotensin, and vasoactive intesti- 
nal polypeptide are relatively unaffected (Kowall et al., 
1987). Other subcortical and cortical brain regions are 
involved, but within these extrastriate regions, the degree 
of degeneration varies; it does not correlate with the 
severity of the disease and is dwarfed by the striatal 
changes (see review Greenamyer and Shoulson, 1994). 

Currently, therapy for HD is limited and does not 
favorably influence the progression of the disease. Thus, it 
is imperative that novel tlierapeutic strategies be estab- 
lished. In this regard, the grafting of trophic factor-secret- 
ing cells has proven successful in experimental models of 
HD. Our group and others have shown that grafts of nerve 
growth factor (NGF)-secreting fibroblasts prevent degen- 
eration of striatal neurons destined to die from excitotoxic 
insult or mitochondrial dysfunction (Schumacher et al., 
1991; Frim et al, 1993a,b,c, 1994; Emerich, 1994). Re- 
cently, Martinez-Serrano and Bjdrklund (1996) showed 
that intrastriatal implants of immortalized central ner- 
vous system (CNS)-derived progenitor cells that had been 
genetically modified to secrete NGF also can prevent the 
neural degeneration in a rodent model of HD. 

If transplantation of genetically modified, trophic factor- 
secreting cells is to be successful cUnically for the treat- 
ment of neurodegenerative disease, then the optimal means 
of trophic factor dehvery needs to be established- Recently, 
efforts have been concentrated on developing neural stem 
cells for transplantation and delivery of biologically active 
gene products, including trophic factors. There are several 

advantages to using modified neural stem cells for trans- 
plantation. From a practical point of view, neural stem 
cells can be genetically modified to obtain a relatively 
homogeneous expression of a desired gene product. This 
makes them exquisitely suitable for gene transfer to the 
brain. Neural stem cells have also been shown to survive 
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for long periods of time in vivo and to integrate well within 
the host tissue without being tumorigenic (Gage et al., 
1995; Brustle and McKay, 1996). The present study uses a 
novel epidermal growth factor (EGF)-responsive stem cell 
line, which upon differentiation into astrocytes, will se- 
crete human NGF (hNGF) to protect the \ailnerable stria- 
tal neuronal population following excitotoxic lesions. These 
stem cells are of particular interest because they are 
derived from transgenic mice in which the glial fibrillary 
acidic protein (GFAP) promoter directs the expression of 
the transgene in vivo. Stem cells generated in this fashion 
can potentially obviate the problems of toxicity and tran- 
sient gene expression, which plague other methods of 
cellular gene therapy. These studies further established 
that the sparing of striatal cells is associated with the 
inhibition of vascvJar permeability and the glial responses 
observed specifically when tissue sections were probed for 
the low affinity p75 neurotrophin receptor (p75^™). Lastly, 
this study shows that hNGF-secreting, stem cell grafts 
also induce. a sprouting response from cholinergic projec- 
tion neurons located within the basal forebrain. 

MATERIALS AND METHODS 

Animal subjects 

Adult male Sprague-Dawley rats (Taconic Breeders, 
Germ an town, NY) approximately 3 months old and weigh- 
ing 300--350 g were used in these studies. All experimenta- 
tion was conducted in accord with NIH guidelines and with 
the approval of the animal care committee at our institu- 
tions. The animals were housed in groups of three to four 
in a temperature- and humidity-controlled colony room 
that was maintained on a 12-hour light-dark cycle with 
lights on at 0700 hours. Food and water were available ad 
libitum throughout the experiment. All animals received 
daily injections of cyclosporin (10 mg/kg i.p.), beginning 1 
day prior to cell grafting said continuing until the conclu- 
sion of the experiment 3 weeks later 

Surgery 

Immediately prior to surgery, rats were anesthetized 
with sodium pentobarbital (45 mg/kg i.p.) and positioned 
in a Kopf stereotaxic instrument. A midline incision was 
made in the scalp and a hole drilled for the injection of cells 
into the striatum. Rats received unilateral implants into 
the striatum at two sites with cells that were (n = 8) or 
were not (n = 7) genetically modified to secrete hNGF. The 
stereotaxic coordinates for implantation were +0.2 mm 
anterior to Bregma, 3.2 mm lateral to the sagittal suture; 
-0.2 mm posterior to Bregma, 3.2 mm lateral to the 
sagittal suture ^axinos and Watson, 1986). At both sites, 
the cells were iojectgd in two 0.5-pl deposits with one 
deposit made at 5.4 mm, and the second at 4.9 ram, ventral 
to the cortical surface. The cells were injected in the form 
of small spheres (5-20 cells) by using a glass capillary 
(O.D. 50-70 pm) connected to a lO-pl Hamilton syringe. 
Each animal received approximately 500,000 cells at each 
of the two injection sites. Animals received injections of 
undifferentiated EGF-responsive stem cells derived from 

transgenic animals or littermate controls. Following im- 
plantation, the skin was sutured closed. 

Nine days following grafting, all animals were anesthe- 
tized, placed in the stereotaxic instrument, and injected 
with 225 nmol of quinoHnic acid (QA; Sigma Chemical Co., 
St. LouiSj MO) into the previously grafted striatum at the 
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following coordinates: 1.2 mm anterior to Bregma, 2.6 mm 
lateral to the sagittal s\iture, and 5.5 nun ventral to the 
sxirface of the brain (Paxinos and Watson. 1986). QA was 
infused into the striatam through a 28-gauge Hamilton 
syringe in a l-|il volume over 5 minutes. The injection 
cannula was left in place for an additional 2 minutes to 
allow the QA to diffuse from the needle tip. The skin was 
then resutured. Ad additional six rats received QA lesions 
but were ungrafted and served as additional controls for 
studies examining the vascular and cellular response to 
the QA lesion and its prevention by hNGF-secreting stem 
cell implants. Immediately following the lesion, animals 
were injected i.p. with 10 ml of a lactated Ringer's solution. 
Animals were returned to their home cage postoperatively 
and fed food mash and water ad libitum. 

Construction of the pGFAP-DHFR l-hNGF 
expression vector 

The pGFAP-DHFR-l-hNGF expression vector was gen- 
erated through a three-step cloning process invohdng 
the construction of three intermediary cloning vectors- 
pBS(DX'B)-GFAP.rI2-MPl,pNUT.MPl-rI2-DSalI-PacI-Ascl, 
and pGFAP-DHFR-l as described previously (Carpenter et 
al., 1996: unpublished data). To generate the pBS(AX'B)- 
GFAP-rI2-MPl intermediary cloning vector, the pBS- 
KS( + ) plasmid was digested by BamHI and Xhol, Klenow 
filled in, and self-ligated. The resulting plasmid pBS(AX-B) 
was digested by Not! and Hgated to a 2,964-bp fragment 
isolated from pGFAP-rT2-MPl-PA2 that was digested by 
Bglll, Klenow filled in, and added with a Notl-linker. The 
resulting plasmid was named as pBS(AX-B)-GFAP-rI2- 
MPl. To generate the pNUT-MPl-rI2-DSalI-PacI-AscI in- 
termediary cloning vectoa:, the pNUT-MPl-rl2 (Emerich et 
al., 1996) was EcoRI digested, Klenow filled in, and added 
with a Pad hnk^r, A 3,216-bp Sall/BamHI fragment 
containing the MPl and pUClS regions isolated from the 
above resulting plasmid pNUT-MPl-rl2-PacI was ligated 
to a 3.083'bp Sall/BamHI fi-agment containing the dihydro- 
folate reductase (DHFR), MT-1, and rI2 regions isolated 
from pNUT-MPl-rI2-DSaU. The resulting plasmid pNUT- 
MPl-rI2-DSalI-PacI was then Sail digested. Klenow filled 
in, added with an AscI liner, and self-ligated, generating 
the final intermediary cloning vector pNIJT-MPl-rI2-DSalI- 
Pacl-Ascl. lb generate the third intermediary cloning 
vector pGFAP-DHFR-l, a 6,438.bp NotLIBamHl fragment 
isolated from pNUT'MPl-12.DSalI-PacI-AscI was hgated 
to a 2,434-bp Notl/BamHI fragment isolated from 
pBS(DX-B)-GFAP-rI2-Mr»l. The resulting plasmid was 
named as pGFAP-DHFR-1. The pGFAP-DHFR-l-hNGF 
expression vector was constructed by subcloning a 2,508-bp 
fragment containing the hNGF from pcDNAl/Neo/hNGF 
into the pGFAP-DHFR-1 intermediary cloning vector. The 
resulting plasmid pGFAP-DHFR-l-hNGF was sequenced 
to verify the hNGF insertion orientation. 

Transgenic mouse production 

The 7,695-bp DNA fragment containing the GFAP-rl2' 
hNGF-MPl and SV40-mDHFR-HBV3' sequences was gen- 
erated by Pad and AscI digestion and size-selected by 
agarose electrophoresis (Maniatis, 1982). DNA was puri- 
fied by the 3-agarase treatment method. Transgenic mice 
were produced according to standard techniques. Approxi- 
mately 2 pi of DNA solution were microinjected into the 
male pronucleus of fertilized eggs obtained from the 
mating of FVB/N mice. The injected eggs were then 
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transplanted into pseudopregnant females. Identification 
of the integration of the transgene into the mouse genome 
was performed by PGR by using unpurified DNA extracts 
from tissue digests according to the method of Hanley and 
Merhe (1991). Tissue for cell cidture was isolated from 
fetuses as described below. 

Stem cell isolation and culture 

Stem cells were isolated from the striata of embryonic 
day (E)14.5-E15.5 mice as previously described (Reynolds 
et al., 1992). Briefiy. striata were removed from each fetus 
and mechanically dissociated by using a fire-polished 
pipette. Separate cultures were generated for each fetus. 
Cell suspensions were grown in N2, a defined DMEM:F12- 
based (GIBCO, Grand Island, NY) medium containing 
0.6% glucose, 25 >ig/ml insuHn, 100 pg/ml transferrin, 20 
nM progesterone, 60 |iM putrescine, 30 nM selenium 
chloride, 2 mM glutamine, 3 raM sodium bicarbonate, and 
5 mM HEPES. This medium was supplemented with 20 
ng/ml murine epidermal growth factor (EGF; Collabora- 
tive Research, Bedford, MA). Typically, the cells grew in 
clusters that were passaged by mechanical dissociation 
approximately once each week and reseeded at approxi- 
mately 60,000-75,000 cells/ml. 

Stem cells were differentiated by plating on polyorni- 
thine-coated glass coverslips. In these experiments, stem 
cells were plated as clusters or as a single-cell suspension. 
To induce differentiation, EGF was removed from the 
growth medium, and the medium was supplemented with 
1% fetal bovine serum (PBS). 

Bioassay for hNGF 

To assay hNGF output and ensure the secretion of hNGF 
from genetically modified stem cell-derived astrocytes, the 
stem cells were first diflferentiated as described above. 
Stem cells were plated as clusters on polyornithine-coated 
plastic culture dishes. The cells were grown in N2 defined 
medium supplemented with 1% FBS for either 1 or 2 
weeks and were fed twice each week. At the designated 
time points the conditioned medium (CM; 3-day condi- 
tioned) was removed and used for the bioassay as de- 
scribed below. The cultures were then placed in PC-1 
defined medium (BioWhittaker, Walkers ville, MD) for 24 
hours. At the end of this pulse the PC-1 medium was 
removed, and the hNGF levels were determined by enzyme- 
linked immunosorbent assay (ELISA, described below). 
The number of cells in each culture was then determined 
by trypsinizingthe cells and coiin ting them with a hemacy- 
tometer. 

The CM w.as used to induce PC-12a cell neurite out- 
growth. In tHese* assays, PC-12a cells were plated in 
DMEM (GIBCO) supplemented with 10% FBS. The next 
day the medium was replaced with a 1:1 mix of DMEM 
with 10% FBS and the conditioned medium from the stem 
cell cultures, The PC- 12a cells were then evaluated at 24 
and 48 hours to determine the extent of neurite outgrowth. 
Outgrowth was scored qualitatively on the basis of out- 
growth fiom cultures that received recombinant hNGF. 

NGF ELISA 

Quantitation of hNGF released from stem cells was 
performed on aliquots of CM as follows. Nunc-Immuno 
Maxisorp ELISA plates were coated with 150 yl per well of 
anti-mouse-P (2.5Sj NGF at 1 ng/ml in coating buffer 1 x 
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^?*^,'^!l?^^^*f"''"^^^^ tPBS] without CaCl, or 

MgCVO.1% sodium azide; pH 9.6). The coated plates were 
mcubated at 37°C for at least 2 hours or alternatively at 
4 C overaight. The coating solution was withdrawn from 
the weUs and the welk were washed three times with 300 
pi wash buffer (50 mM Tris-HCL^OO mM NaCVl% Triton 
X-100/0.1% sodium azide; pH 7.0). The wells were then 
blocked with 300 pi of coating solution containing 10 
mg/ml of BSAat room temperature for 30 minutes followed 
by further washes (three times with 300 pi wash buffer) 
CM samp es were diluted 1:1 two times in sample buffer 
(the sample buffer is the same as wash buffer, only with 2% 
BSA). vnth 10 pi of the prepared samples loaded into the 
wells. The plates were covered and incubated for at least 2 
hours at 37°C or ovehiight at 4°C. The solutions were 

""Tv onn T'^ ""^^^ ^^^""'^ and washed three times 
with 300 pi of wash buffer. To each well, ] 00 ul of 4 LVml of 
anti-mouse-p (2.5S) NGF-p-galactosidase conjugate was 
added. The plates were incubated at 37<'C for at least 1 
hour. The solutions were removed from the welts by 
^J^^f^l^ttl^ee times with 300 pi of wash buffer. 
Finally, 200 pi of chlorophenol red-p-D-galactopyranoside 

r^^M K^ruo T^i^.^^ ^'^^^ ^ mM HEPES/150 
mM NaCl/2 mM UgCyo.1% sodium a2ide/l% BSA; pH 
7.0) was added to the wells, incubated at 37'C for 30 
mmutes to 1 hour or after the color development was 
sufficient for photometric determination at 570 nm and 
the samples were analyzed on a plate reader and mea- 
sured against recombinant NGF protein standards. 

Preparation of tissues 

T«.o weeks foUovwng the lesion, rats were anesthetized 
f^itM-^'^^u^"^^: ^^''^ ^ perfusion, animals received an 
uyectioD of heparin into the lea ventricle of the heart. 
Each ammal was then perfused transcardially with 0.9% 
sa me, followed by fiction ;vith a 4% paraformaldehyde 
solution. Brains were, then removed from the calvaria! 
cryoprote^ m 30% sucrose in 0.1 M phosphate buffer a{ 
4 C, cut frozen at 40 pm thickness on a sliding knife 
microtome, and stored at -20°C in cryoprotectant. 

Immunocyto chemistry 

Sections "ere processed for the immunohistochemical 

T.?1^'T° ^^"^^'^'^ decarboxyJase (GaS 

p75»™, dopaimne p-hydrox3']ase (DpH), trkA. and M2 
rS^'^ neurofilament antibody specific for the mouse- 
denved stem cells) via the biotin-Iabeled antibody proce- 
dure (Hsu et al., 1981). For each stain, sections from hNGF 
and control-grafted animals were processed simulta- 
neously Residual endogenou:j peroadase-containine ele- 
ments were first removed with a 20-minute incubation in 
u-i M sodium periodate in Tris-buffered saline. Back- 
ground staining was then blocked with a 1-hour incubation 

^i^??^"^'" «^M°1"«°'^ containing 3% normal 
serum, 2% hovme serum alburdn, and 0.05% Triton X-100 

n^7 snn rr ^^"^ incubated in the primary ChAT 
ion) p75^TlT50^ "^^^^^ (l:20.00^Chemi. 
n o nnr,\ ^ '^^i Oncogene, Uniondale, MA), DpH 
' ^TA^ Allendale, NJ), trkA (1:10,000; 

provided by Dr. Carl Lagenaur; 1:20 or 1:50) antibody foV 
48 hours. Sectaons were then incubated for 1 hour in the 
appropriate biotmylated IgG antibody (Vector. Burlin! 
game, C;^ 1:200). Following washes, sections were placed 
m the avidin-biotm (ABC "Elite" [Vector]) substrate (1-500) 
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Fig. 1. A; Note the absence of Qeurite extensions in PC- 12 cells 
exposed for 48h to conditioned media from control stem cells B- 
Neunte extensions displayed by PC 12a cells ibllowing 48h of exposure 
to conditioned media from control hNGf-secreting stem cdlg. Scale 
bar = 50 pxn in A,B. 



for 75 minutes. Sections were then reacted in a chromagen 
solution containing Tris-biifTered saline, 2.5% nickel 11 
sulfate, 0.05% 3,3'-diaminobenzidine (DAB) and 0.005% 
H2O2, which yields a dark blue-black reaction product. A 
separate series of sections was immunostained for rat 
serum albumin (RSA) without nickel intensification to 
assess the integrity ..of the blood-brain barrier (BBB) 
following the lesion. a^d transplant according to our previ- 
ously published protocol (Charles et aL, 1996). An addi- 
tional series of sections through the striatum was stained 
for NADPH-d as described previously (Kordower et al., 
1994). Adjacent sections were stained with cresyl violet 
acetate (pH 3.3) to aid in cytoarchitectonic delineation and 
to characterize the extent of the lesion. All sections were 
mounted on gelatin-coated slides, air dried, dehydrated 
and covershpped with Permount. 

Electron microscopy 

Selected DAB-treated sections were rinsed in 0 1 M 
sodium cacodylate buffer for 15 minutes and placed in 
1-0% sodium cacodylate-buffered OsO^ for 3 hours After 
osmication, the tissue was dehydrated in graded ethanols 
and flat-embedded in plastic CPolybed 812, Ladd). Semi- 
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Fig. 2. Low- CA,B) and high- (C.D) power photomicrographs of 
Nissl-Stained sections Ulustrating the protection of striatal neuronaJ 
degeneration by hNGF- secret iiig stem ceU implants. A: Rats receiving 
hNGF-secreting stem cell imjilants display minimal or no ceU loss 
foUowing intrastriatal QA iiyections. B: In contrast, extensive neural 
degeneration is observed in rats receiving QA lesions and control 
(nou-hNGF-secreting) stem ceU grafts. The arrowheads outline the 
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extent of the lesion, C: in hNGF-grafted rats, numerous healthy 
appearing neurons were observed throughout the striaCuin even 
proximal to the QA needle tract (arrows). D: In contrast, virtually no 
viahlp neurons and an intense gliosis were observed proximal to the 
QA needle tract in rats receiving control Stem cell implants (arrows). 
Scale bar = 1.000 pm in A,B; 100 pm inC,D. 



thin sections were stained with toluidine blue to verify 
correct location and orientation. Ultrathin sections (silver- 
gold interference) were collected on 200-mesh grids and 
stained with lead citrate and uranyl acetate by conven- 
tional methods. The sections were studied with a JOELCO 
1200 EX electron microBcope. 

Immunohistochemistry: Controls and caveats 

Controls for inununohLstpchemistry consist of process- 
ing tissue as described above except for using the primary 
antibody solvent or an irrelevant IgG in lieu of the primary 
antibody. It is important to note that specificity for any 
mununocytochemical reaction product is not absolute. 
Regardless of the fact thiit substitutions for the primary 
antibody may abolish immunoreactivity, the potential for 
antisera to react with structuraUy related antigens cannot 
be excluded. Thus, a degree of caution is warranted, and 
the term immtmoreactivity refers to "-like" iimuunore- 
activity. 

Quantitative morphometric analysis 

The quantitation of striatal neurons was performed as 
previously described (Emerich et al., 1994, 1996; Kordower 
et al.» 1994) by an investigator bhnded to the experimental 
condition. The size of the lesion was determined by using 



the NIH Image 1200 analysis system. The rostral caudal 
extent of the lesion area was traced on equispaced Nissl- 
stained sections by using a computer mouse, and the lesion 
area was automatically calculated for that section. Then, 
the total area was calculated by interpolating the lesion 
area between measured sections. The present study was 
concerned with the relative number, not the absolute 
number^ of GAD-ir, ChAT-ir. and NADPH-containing neu- 
rons within the intact and lesion©d striatum under control 
and hNGF-grafted conditions. Thus> the number of GAB-ir, 
ChAT-ir, and NADPH-containing neurons was quantified 
bilaterally for each animal by using established quantita- 
tive morphometric procedures (Emerich et al., 1994, 1996; 
Kordower et al. 1994). For each rat, five coronal sections 
through the striatum beginning at the level of the QA 
injection and extending equidistantly in the anterior and 
posterior direction at 200-)im intervals were analyzed. 
Every ChAT-, GAD-, or NADFH-d -positive neuron in each 
of those sections was counted by an individual blinded to 
the animal's experimental condition. 

Data analyses 

Data were analyzed with an SAS-PC^ statistics pro- 
gram. Analyses of variance were conducted by using the 
procedures for general Hnear models (SAS Institute Inc., 
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Fig. 3. Low- (A,C) and high- {B.D) power photomici-ographs of 
glutamic acid decarbo3i>'lase(GAD)-immunostained sections illustrat- 
ing the protection of gamma-amiaobutjTic (GABA)-ergic neurons b.v 
hMGF- secreting stem cell implants. A: Note the similaritv in GAD- 
immunoreactive staining pattern on the lesion/graft side of the 
striatum (right side) relative to the intact contralateral side in 
hNGF-grafted animals. B: At higher magnification, numerous GAJD-ir 



1989). Data are presented in the text and in all figures as 
means ± SEM. 



RESULTS 

PC-i2 cell bioassay 

Conditioned media obtained from the differentiated 
GFAP-hNGF and control stem cell cultures were collected 
and cultured with PC- 12 cells. Within 24 hoi:irs following 
exposure to the conditioned media, long neurites were 
observed extending from thePC-12 cells that were eicposed 
to media from hNGF- secreting stem cells (Fig. IB). la 
contrast, neurite extension was not induced in PC' 12 ceUs 
exposed to media from control (non-hNGF secreting) stem 
cells for up to 48 hours (Fig. lA). 

GFAP-hNGF stem cell grafts: 
Effects on lesion area 

Nissl-stained sections revealed large areas of neural 
degeneration within the striatum in aU animals receiving 
QA lesions and contix)! (non-NGF-secreting) transplants 
(Fig. 2B). Occasionally, the lesion extended into the frontal 
and temporal neocortices. These lesions were spherical or 



neurons were observed within the lesioned/hNGF -grafted striatum, C: 
In contrast, an extensive loss of GAD-ir neurons and neuropil was 
observed in QA-lesioned rats receiving control stem cell implants. The 
scope of the lesion is demarcated by arrowheads. D: At higher 
magnification, few GAD-ir neurons were observed. Scale bar = 1,000 
pm in A,C; 50 pm in B,D. 



elliptica] in shape and in many sections encompassed the 
entire striatum, which displayed a marked reduction in 
neurons and an abundance of glial ceils (Fig. 2D). In 
contrast, small or negligible regions of degeneration were 
seen within the striatiom of rats receiving QA lesions and 
GFAP-liNGF stem cell implants. In fact, uo lesion was 
discerned in Nissl-stained sections in four of the eight rats 
receiving f^GF-secreting stem cell implants (Fig. 2A), In 
GFAP-hI{CiF-grafted animals, healthy appearing neurons 
could be observed immediately adjacent to the QA injec- 
tion site (Fig. 2(>). Quantitative analyses of the lesion area 
using a one-way AN OVA between groups supported these 
qualitative observations. The lesion area in rats receiving 
control transplants was 12.78 mm^ ± 2.53. In contrast, the 
lesion Eirea was significantly diminished (1.91 mm^ ± 1.02) 
in rats receiving NGF-secreting stem cell implants 
[(Fl,13)= 17.45; P= 0.001]. 

GFAP-hNGF stem cell grafts: Protection 

of GAD, ChAT, and NADPH-positive neurons 

ChAT-ir, GAD-ir, and NADPH-diaphorase-stained sec- 
tions within the unlesioned, contralateral striatum, re- 
vealed a general pattern of labeled perikarya consistent 
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^^fAr.*^"^"^^^^^^^^'^ of GAD-ir striatal neurons on the intact and lesion side in rate receiving control 
and hNGF-necreting atem cell implants. '*'*P < 0.01. 



with previous observations (e.g., Eraerich et a]., 1994, 
1996; Kordower et al., 1994; Martinez- Serrano and Bj6rk- 
lund. 1996). AH specific staining waa elLmmated when 
control experiments were performed with the primary 
antibody deleted or an irrelevant IgG substituted for the 
primary antibody. 

The ability of hNGF-secreting stem cell implants to 
prevent the degeneration {)f GAD-ir, ChAT^ir, and NADPH- 
d-containing neurons was evaluated with a 2 X 2 ANOVA, 
including Groups (control vs. NGF stem cells) and Side 
(Lesioned vs. Nonlesioned) as factors in the analyses. Cell 
counts for each type of stain (GAD, ChAT, or NADPH-d) 
were analyzed separately. 

In control-grafted rats, there was a dramatic loss of 
GAD-ir striatal neurons. In sections proximal to ttie lesion 
site, there was a substantial loss of GAD-ir neurons CFig 
3C,D). Some sections displayed virtually no GAD-ir stria- 
tal neurons ipsilateral to the lesion. In contrast, GAD-ir 
neurons were spared in GFAP-hNGF stem cell-grafted 
animals. In a few GFAP-hNGF stem cell-grafted animals, 
there was no discernible loss of GAD-ir neurons within the 
striatum at aU (Fig. 3A,B). Quantitative analysis con- 
firmed this qualitative assessment. A two-way ANOVA 
revealed that the number of GAD-positive cells was signifi- 
cantly reduced in all animals on the lesioned side relative 
to the nonlesioned side; the main effect for Side was 
statistically significant, F(1J3) = 48.06, P = 0 0001 
However, rats implanted with GFAP-hNGF stem cells 
displayed an attenuated loss of GAD-ir cell (12.7% Y6* 50%) 
relative to rats implanted with control cells, the Group x 
Side mteraction was statistically significant, F(l 13) = 
19.25, P = 0.0007 (Fig. 4). » » ^ 

The QA lesion resulted in a dramatic loss of ChAT-ir 
neurons within the striatum in animals receiving control 
transplants. In sections proximal to the needle tract, there 



was almost a complete loss of ChAT-ir neurons (Fig. 5B). 
Those few neurons that did remain following the lesion 
appeared atrophic with blunted dendrites (Fig. 5D). In 
contrast, the loss of ChAT-ir cells was completely pre- 
vented by intrastriatal transplants of NGF-secreting stem 
cells. In these animals, there were numerous ChAT-ir 
neurons throughout the striatum, even in sections that 
contained the QA lesion needle tract. These neurons were 
large in size (25-35 \nn in diameter) with long neuritic 
processes, auad they displayed the typical morphological 
profile of healthy cholinergic striatal interneurons (Fig. 
5C). Quantitatively, the number of ChAT-positive cells was 
significantly reduced on the lesioned side relative to the 
nonlesioned side; the main effect for Side was statistically 
significant, F(l,13) ^ 14.03, P = 0.003. Control-grafted 
rats displayed a 64.2% reduction in the number of ChAT-ir 
neurons relative to the contralateral side. This loss was 
ameliorated in rats implanted with hNGF-secreting cells 
C-3.2%); the Group X Side interaction was statistically 
significant: F(i;i3)'= 16.76, P = 0.001 (Fig. 6X 

In contrast to the potent protection of ChAT-ir and 
GAD-ir neurons, implants of (3FAP-hNGF stem cells had 
more modest effects upon NADPH-d -positive striatal neu- 
rons. On the intact side, numerous small NADPH-d- 
positive cells with long varicose processes were observed 
scattered throughout the striatum. In all animals, the 
number of these cells was eubetantiolly reduced on the 
lesioned side relative to the nonlesioned side; the main 

effect for Side was statistically significant: F(l,13) = 92.99, 

P = 0.0001. Rats receiving control grafts displayed a 84% 
reduction in NADPH-d positive neurons ipsilateral to the 
lesion relative to the contralateral side. In many sections, 
these animals displayed a complete loss of NADPH-d 
positive ceUs (Fig. 7C,D). A significant sparing of diapho- 
rase-containing neurons was observed in hNGF- treated 



FROM BIOMEDICAL INFORMATION SERVICE 



CFRI) 7.20*01 1 2 : 08/ST. 1 1 : 55/NO. 4862641 61 9 P 1 



NGF STEM CELL GRAFTS IN RODENT MODEL OF HD 




Fig. 5. Low. (A»B> and high- tC,D) power photomicrographs of 
choline acetyltransferase (ChAT)-iinmimostmned sections illustrating 
the protection of choliniergic neurons by liNGF-aecreting stem cell 
implanLs. A: Numerous ChAT-ir neurons scattered throughout the 
striatum in rats receiving KNGF stem cell implants. B: In contrast, 
few ChAT-ir neurons were seen in rats receiving control Stem cell 
implants. The arrows in panels A and B illustrate the location of the 
stem cell implants. This discordance in ChAT-ir staining patterns is 



rats; the Group x Side interaction was statistically signifi- 
cant: F(l,13) = 11.18, P = 0.005; Fig. 8). However, these 
rats still displayed a 41.4% loss of NADPH-d positive cells. 
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not due to technical factors because similar staining patterns are seen 
in both hNGF- and control- grafted animals within the horizontal limb 
of the diagonal band. C: In hNGF-grafted rats, ChAT-ir neurons 
appeared heaJthy with normal striatal morphological profiles. D: In 
control-grafted rats, only an occasional shrunken ChAT-jr neuron was 

observed (arrow). LV, lateral ventricle; AC, anterior commissure. Scale 

bar = 500 pro in A,B; 100 pm in C,D. 



Within the striatum of these ardnrials, a clearly defined 
locus of the lesion could be discerned (Fig. 7A). In the 
lesion area, few NADPH-d -positive cells were seen. How- 
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^^f °^ ChAT-ir striata] neurons on the intact and lesion side in rats receiving control 

and hNGF-fiecreting stem cell implants. < 0.01. 



©ver, once outside the penumbra of the lesion, the NADPH-d 
stained striatum appeared normal with numerous multipo- 
lar neurons giving rise to a dense neuropil (Fig. 7B). 

GFAP-1\NGF stem cell grafts: 
Localization of stem cells 

A mouse-specific antibo<ly was used as a species-apecific 
marker for the grafled sUm cells. By using this marker, 
grafted stem cells were identified in all control and hJNGF- 
treated animals (Fig. 9A), There were no apparent dififer- 
ences in the extent of graft viability between the two 
groups. Dense clusters of M2-ir stem cells were observed, 
principally within and around the needle tract. Little, if 
any, migration of M2-ir cells was noted. This antibody 
predominantly stains the external cell membrane, and as 
such, perikarya are usuaDy not visualized. Rather in most 
instances, processes were visualized emanating from a 
nonimmunoreactive perikaryon (Fig. 9B). The exception to 
this staining pattern was t»bserved principally at the base 
of injection sites where a dense column of cells within the 
tract expanded into a teardrop-shaped or round cluster of 
ceUs. Under these conditions, M2 immunoreactiAnty ap- 
peared to be present within grafted perikarya (Fig. 9C). 
With Nissl stains/ these ^praft deposits appeared as col- 
lections of small pale perikarya with a darkly stained 
nucleolus (Fig. 9D). Surroimding these cells were smaller 
more darkly stained cells that exhibited morphological 
profiles similar to glial cells. M2-immunoreactive sections 
counterstained for Nissl substance indicate that many, but 
not all, of these more darkly stained ceUs were of graft 
origin. 



GFAP-hNGF stem ceU grafts; Sprouting 
of cholinergic basal forebrain fibers 

Stem cells derived from transgenic mice in which the 
GFAP promoter directs the expression of hNGF induced a 
p75NTR.ij(. sprouting response (Fig. 10). This phenomenon 
was seen in all animals receiving hNGF-secreting stem 
cells (Fig. lOA-C) but was never observed in control rats 
treated identically except that the grafted stem cells 
lacked the hNGF construct (Fig. lOD). In animals grafted 
with non-hNGF-secreting stem cells, only a rare p75^^-ir 
process was observed (Fig. lOD). In rats receiving hNGF- 
secreting stem cell grafts, fibers immunoreactive for the 
low- affinity p75^''^ were seen surrounding the grafted 
cells and penetrating for short distances within the graft 
site. These fibers were thin and varicose with a CNS 
morphology. These fibers did not stain for DpH (data not 
shown), ruHug out the poesibihty that this innervation 
could result from ingrowth of sympathetic fibers that are 
also immunoreactive for the p75^^^. Rather, these fibers 
appeared to emanate from cholinergic neurons within the 
basal forebrain, a region whose neurons are exquisitely 
sensitive to the trophic and tropic influences of NGF. The 
p75^™-immunostained fibers were seen coursing from the 
underlying horizontal limb of the diagonal band of Broca 
and the anterior subdivision of the nucleus basahs toward 
the hNGF-secreting graft sites following an aberrant 
trajectory that coursed through the ventral striatum. 
These fibers surrounded the graft along the periphery of 
its entire dorsoventral extent and penetrated the graft for 
short distances. Although tract tracing would provide 
direct evidence supporting the observation that this p75'^'"' 
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Fig. 7. Lo^v- CA,C) and liigh- (B,D) power photoinicrographs of 
NADPII-d-stairied sections illuBtrating the protection of diaphorase- 
containing neurons by hNGF- secreting stem cell implants. A: In 
HNGF-grafted rats, there was a partial loss of NAD PH-d -containing 
cells and neuropil (arrowheads). B: The NADPH-positive cells outside 
this area appeared healthy with normal morphological profiles. C: In 
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contrast: QA-lesioned rat£ receiving control stem cell implants dis- 
played a comprehensive loss of NADPH-d -positive neurons, which 
often encompassed the entire striatum (arrowheads), D: At higher 
magnification, few viable NADPH-d-stained neurons were observed. 
Scale bar ~ 500 pm in A^C; 50 ym in B,D. 
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Fijj. 8. <iuantificalion of NADPH-positive striataJ neurons on the intact and lesion side in rats 
receiving control and hNGF-secreting stem cell implanU. < 0.001 relative to the intact side; **P < 
Q.Ol relative bo the intact side; t. P <: 0.01 relative to the lesion side of control-grafled rats. 



sprouting response emanates from the basal forebrain it 
is notable that p75^^ is a specific marker for cholinergic 
basal forebrain neurons in the rat forebrain (e g Kor- 
dower et aL, 1988). p75^ is not found within the striatum 
under normal conditione and is not induced in neurons 
within the striatum following mechanical damage, excito- 
toxic lesions, or intrastriatal administration of NGF (Bar- 
tusetal., 1996). 

GFAP'hNGF stem ceU grafts: 
iiihibition of glial and barrier changes 

In both nongrafted rats and rats receiving implants of 
control stem cells, injections of QA into the striatum 
^^^^N^ ^ ^ vigorous, but nonuniform expression of 
p75NTR receptor. Upon cursory light microscopic examina- 
tion, this staining pattern appeared to be within vascular 
elements (Fig. 11). However, electron microscopy revealed 
that the immunoexpression was exclusively associated 
with astrocytes (see below). This response was massive, 
often mvolving the entire striatum and surrounding cere- 
bral cortex. In some animals, the p75-^R response spread 
into the lateral septum. Tliis response was only observed 
ipsilateral to the QA injection and was never observed on 
the intact side. The magnitude of this response was similar 
m ungrafled rats and rats receiving control stem cell 
grafts, indicating that the presence of the grafted ceUs did 
not underiie this response. Astroglial elements upon ves- 
sels throughout the lesioned striatum were densely immu- 
noreactive for the p75^ receptor (Fig. IIB-E). In addi- 
tion to the vasculature-related astroglia, occasional 
triangular shaped cells of unknown origin, possibly microg- 
lia were also immunoreactive for the p7S^^ n^ceptor 
withm the sphere of the lesion (Fig. HE). Remarkably this 



robust pTS^"^ vascular and cellular response following QA 
was virtually absent within the striatum of rats receiving 
identical lesions and stem cell gx-afts with the addition of 
the hNGF construct. In all but one of these animals, the 
striatum appeared normal, although some animals dis- 
played an attenuated cellular response within the overly- 
ing cerebral cortex. It is notable that tlie one animal that 
did display a modest p75'^'^^-immtmoreactive vascular 
response within the striatum displayed the least neuronal 
protection from the hNGF stem cell grafts supporting the 
concept that this response is associated with the neuronal 
death resulting from the QA lesion. Extravasated RSA, 
which was found specifically within the QA lesioned stria- 
tum (Fig. 12B), was not observed within the striatum in 
hNGF-grafted rats, indicating an intact blood-brain bar- 
rier was sustained within the striatum of these animals 
(Fig. 12A). Occasionally, there was RSA-ir within the 
overlying cortex in hNGF-grafted rats. 

As was suggested by the hght microscopic immunocyto- 
chemical data, ultrastructural analyses revealed that the 
immunoexpression of p75^ varied in relation to the 
vaacular network within the lesioned area. The deposition 
of reaction product was always associated with astrocytic 
membranes and surrounding extracellular space and not 
the cerebral endotheha or their basement membranes. 
There was no evidence that the p75^^ immunoreactivity 

was directly related to the cerebral endotheliaor perivascu- 
lar space. Sometimes, the reaction product would appear 
at the interface between an astrocyte cell body and a foot 
process acijacent to a capillary (Fig. 13A,B). Most often, 
however, extensive p75^*^*^ immunoexpression was associ- 
ated with the membranes of reactive, filament-laden, 
astroglial processes. At times, the reactionproduct ex- 
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Fig. 9. Low- <Al and medium- (B.J power photomicrographs of stem Nissl* stained section adjacent to the one illustrated in panel C 

cells visualized with the mouse-specific neurofilament antibody M2 in illustrates the center of the graft containing palely stained cells that 

an hNGF-grafted animal. Note the exclusive presence of stained cells display an immature stem cell-like morphology. In contrast, cells at 

within the site of graft deposits. C: High-power photomicrograph of the borders of the graft exhibit a glial morpholog>', LV, lateral 

M2-ir graft site illustrating a dense collection of grafted cells. D: A ventricle. Scale bar = 500 pm in A, 250 pm in B, 50 ym in C,D. 
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Fig. 10. Low- (A) and high- (B-D) power photomicrographs of sec- 
tions immunostained for pTiJ™, A-C illustrated that a plexus of 
p75^.iT fibers encircles and penetrates into hNGF-secreting stem 



cell grafts (G). (D) In contrast, only an occasional p75^"^ -ir process is 
seen coursing near a control, non-hNGF-secreting, stem cell graft (G). 
Scale bar = 250 ntn in A. 100 um in B-D. 
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Fig. 11. The hNGF-aecretm|r stem cell implants pre^^ented a 
QA'lesioned mediated pVS'^ir riisponse within the striatam. ^^^Note 
the absence of p75"^^-ir staining within the striatum of hNGF-grafted 
rats except for a small area around the implant site (arrow) that is 
composed of sprouting fibers from the basal forebrain. pTS'^^^-ir was 
occasionally seen within the cort»5x of these animals only on the side 
ipsilateral to the lesion (arrowheads). B: In contrast, a massive 



tended between a large process and a thin foot process 
adjacent to capillaries or lai-ger microvessels (Fig. 13C,D). 
Although the vascular basement membranes were always 
free of p75^™ immunoreactivity, by contrast the reaction 
product for RSA completely flooded the basement mem- 
branes and perivascular spaces (data not shown). 

DISCUSSION 

The present study clearly shows that implants of EGF- 
responsive stem cells, which upon dijBferentiation secrete 
hNGF, forestall the degeneration of striatal neurons des- 
tined to die in an animal model of HD. The use of stem cells 

that secrete a desired bioactive molecule to modify degen- 
erating host systems has specific advantages over other 
forms of cellular delivery. These cells can be exponentially 
expanded in vitro without the use of oncogenes providing a 
Hmitless supply of donor cells. They can be banked and 
screened for the absence of adventitious agents. These 



piy^TE.jj. glial response around veesels was seen witbkm the striatum 
and cortex (arrowheads) in QA-leaioned rats receiving no implant or 
(C-E) control stem cell grafts. Note C, a nonuniform expression 
p75f^-ir within astroglia surrounding the blood vessels. E: Hi^-power 
photomicrographs illustrating the expression of glial-derived p75^'^-ir 
upon striatal microcapillaries (curved arrows). Scale bar = 1,000 pm in 
A,B, 10.^ ym in C,D, 15.6 jim in E. 



cells also have the properties of self-renewal and under 
appropriate conditions differentiate into specific pheno- 
' types based upon their local environ ment, 

GFAP-hNGF stem cell grafts: 
Effects on striatal neuronal populations 

In the present study, grafts of EGF-responsive stem cells 
that secrete hNGF clearly reduce the size of a striatal 
lesion resulting from injections of a high dose (225 mnol) of 
QA. In some animals, there was no discernible loss of 
neurons on Nissl-stained sections. Crilically, the present 
Study shows that the loss of GABA-ergic neurons, which 
provide the major outflow of information emanating from 
the striatum, was completely prevented in rats receiving 
hNGF-producing grafts. Previous studies using NGF- 
secreting fibroblasts have shown that the size of the lesion 
is reduced following grafts of hNGF-producing fibroblasts 
(Schumacher et al., 1991; Emerich, 1994; Frim et al., 
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Fig. 12. Low-power photomicrographs of rat fierum albumin (RSA)- 
unmunostained sections. A: In hNGF-grafted animals there was 
virtually no expression of RS A even at the site of the QA injection 
(arrow) illustrating an intact blood-brain harrier. B: In contrast, rats 
receiving control stem ceU implants displayed a massive expi-ession of 
K5A-ir throughout the striatum and within the overlying cortex 
(arrowhead). Scale bar = 1,000 urn in A, B. 



1993a.b,c, 1994). This would suggest that GABA-ergic 
cells, which comprise between 95 and 99% of striatal 
interneiirons, are protected. Furthermore, Martinez- 
Serrano and Bjarklund (1996) used DARPP-32 inununohis- 
tochemistiy to illustrate that grafts of NGF-producing 
progenitor cells sustain the GABA-ergic innervation to the 
globus pallidus in QA-lesioned rats in addition to protect- 
ing striatal projection ptirikarya. Taken together, these 
three Imee of evidence sei-v© to generate a consensus that 
grafts of hNGF-producing cells can prevent the degenera- 
tion of GABA-ergic neurons and sustain striatal circuitry 
m a rodent model of HD. Additionally, the NGF stem cell 
grafts prevented the losf; of a number of other striatal 
neuronal population inchiding cholinergic cells and ceUs 
containing the enzyme NADPH^d. These cell populations 
are nottypically vulnerable in the excitotoxic lesion model 
or in HD. However, we used a very high dose of QA {225 
amol) in this study; which resulted in the degeneration of 
these additional cell populations. 

Neuroprotectioii of striatal neurons 
by trophic factors: 
Issues of trophic factor delivery 

Interestingly, there appears to be a dichotomy about the 
neuronal populations protected by NGF depending on the 
method of neurotrophin delivery. Infusions of recombinant 
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NGF spares only cholinergic striatal intemeurons des- 
tined to degenerate following excitotoxic lesions of the 
striattim (Davies and Beardsall, 1992; Kordower et al., 
1994; Venero et al., 1994). Similarly, intrastriatal infusion 
of NGF specifically induces hypertrophy of cholinergic 
neurons (Gage et al., 1989; Bartus et al., 1996) and 
specifically increases ChAT mRNA (Venero et al., 1994) in 
intact animals. These findings are not surprising because 
immunohistochemical studies have shown that the trkA 
receptor, which transduces the NGF signal, is located 
exclusively within cholinergic interneurons in the stria- 
tum CSteinenger et al., 1993; Sobreviela at al,, 1994; Chen 
et al., 1996). Because cholinergic degeneration is not a 
central pathology in HD, sparing these neurons would 
likely not be a useful treatment strategy. However, NGF 
delivered under differing conditions can effect a number of 
seemingly trkA-negative neuronal populations. Mattson 
and co-workers show that in vitro application of NGF 
prevents the excitotoxic degeneration of non-trkA-express- 
ing hippocampal neurons resulting from glucose depriva- 
tion or hypoxia (Cheng and Mattson, 1992; Cheng et al., 
1992, 1993; Mattson et al., 1993; Mattson and Cheng, 
1993; Mattson and Scheff, 1994). Recently, a number of 
studies have shown that transplants of NGF-secreting 
fibroblasts rescue cholinergic and nonchoLLnergic striatal 
neurons from excitotoxic degeneration (Schumacher et al., 
1991; Emerich, 1994; Frim et al., 1993a,b,c, 1994). More- 
over, hNGF-secreting fibroblasts induce hypertrophy in 
both cholinergic and noncholinergic striatal neurons in 
intact animals (Kordower et al., 1996). These findings gave 
rise to the hypothesis that cellular delivery of NGF plus an 
additional factor secreted by fibroblasts combined to pro- 
vide a novel sphere of trophism that included both choUn- 
ergic and noncholinergic striatal neurons (Kordower et al., 
1996). However, the present study and the recent findings 
of Martinez-Serrano and Bjbrklund (1996) indicate that 
grafts of stem cells that have been genetically modified to 
secrete NGF also prevent the degeneration of GABA-ergic 
and NADPH-expressing striatal neurons, in addition to 
cholinergic cells. It remains hkely that the protection of 
ChAT-positive neurons in this and previous studies using 
cellular delivery of NGF results from the neurotrophin 
binding to trkA receptors located upon cholinergic neu- 
rons. However, the mechanism by which NGF-secretiug 
grafts provide trophic support for noncholinergic, non-trkA- 
expressing cells remains elusive. 

Neuroprotection of striatal neurons 
by trophic factors: 
Potential mechanisms of action 

One potential explanation is that NGF-secreting cells 
increase the production of free radical scavengers, such as 
catalase (Frim et al., 1994), which then protects striatal 
neurons in a general and nonspecific fashion. If this 
hypothesis is correct, then infusions of NGF, which only 
provide trophic support for cholinergic intemeurons, shoiild 
not induce catalase expression. This important piece of 
information remains to be determined. An alternative 
hypothesis stems firom the observation in the present 
study that hNGF-secreting grafts prevent the expression 
of p75^ receptor-ir within or upon the membranes of 
apparently reactive astrocytes following excitotoxic lesions 
of the striatum. Although this appears to be the first report 
of vascular p75^^ immunoreactivity following excitotoxic 
lesions of the striatum, similar changes in other regions 
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Fig 13 A: Astrocyte cell body (As) is in close proxunaty to a 
cerebral capillary (c) in whidi the chromatin distribution of the 
endotheUal ceU (E) Is suggestive of cell division. Arrows denote p75- 
immimoexpression on astrocyte cell membrane. B: Higher magmfic^ 
tion of Figure 1 showing discrete deposition (arrows) ot p75 
Immunoexpression betweeathe astrocyte soma (As) and ao ^^r^^ 
foot process (P) adjacent to the capillary (c). C: Extensive p7^^ 
immunoexpression is present iii the interval between a largs reactive 



have been reported in the dorsal column nuclei following 
excitotoxic lesions of the ventrobasal complex of the thala- 
mus (Junier et al., 1994). In ungrafted ratr. or rats 
receiving stem cells that were not genetically modified to 

secrfitehNGF, an extensive network of p75^-ir astrogUal 

processes related to the vascular network was observed 
specifically within the grafted striatum. The blood-bram 
barrier was clearly compromised as shown by the exten- 
sive leakage of rat serum albumin within the striatal 
parenchyma ipsilateral to the lesion. This effect was 



Senior iUba.ern.entmembrane ('). Scale bars = 0.85 van la A. 
0.4 Jim in B. 0.35 uDf» in C,D, 

prevented in hNGF-grafted animals, ^'^terestingly some 
;ats treated with hNGF- secreting stem ceUs still showed 
this o75N™-ir astroghal response in the overlying cortex, a 
Sjon Lt would B^ot be expected receive grafl^erived 
hNGF from cells grafted to the striatum. It appears that 
this response is related to neural degeneration because ll 
was observed in the one hNGF-grafted rat that displayed 
the least neural protection. Recently, it has been postu- 
lated that naked pTS*^" unbound to NGF kills cells 
(Rabizadeh et al., 1993). Whether the cell death observed 
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in ungrafted or control-grafted rats following QA and its 
prevention by graa-denved hNGF is due in part to this 
striatal expression of pTS^'^upon glial elements deserves 
further scrutiny. Because QA lesions resulted in an open- 
ing of the BBB, it remains possible that some aspects of 
neural degeneration associated with QA toxicity may 
resvdt from secondary factors originating from the sys- 
temic circulation in addition to its well-established excito- 
toxic mechanisms: Moreover, the barrier dysfunction was 
directly associated with an upregulation of p75^^ on 
reactive astroglia. By preventing the astroglial/p75^ 
response, the hNGF-secreting grafts appear to prevent the 
breakdown of the blood-brain barrier, possibly through an 
aetroglial-mediated mechanism. This mechanism may un- 
derlie the protection of nonchoUnergic. trkA-negative neu- 
rons, by hNGF-secreting stem cell grafts. These findings 
could be a fertile area for future investigations of neural 
protection and blood-brain barrier function. 

Future directions 

For a gene therapy approach to be of value for the 
treatment of a neurodegenerative disease, such as HD, the 
long-term expression of the appropriate transgene is criti- 
cal. In the present study, we observed the potent viability 
of grafted stem EGF-responsive cells for up to 3 weeks by 
using a species-specific marker. Recently, we used immuno- 
histochemical techniques to determine that these cells 
continue to express hNGF for up to 3 weeks at a level 
sufficient to sustain neuronal hypertrophy in intact ani- 
mals (Carpenter and Ko:*dower, unpubhshed data). Addi- 
tionally, the hNGF-mediated sprouting response was ro- 
bust 3 weeks posttransplantation, providing circumstantial 
evidence that hNGF was still being secreted by grafted 
cells. However, long-term studies are needed to show- 
conclusively that hNGF continues to be secreted by these 
cells in vivo. 

The present study clearly shows that intrastriatal im- 
plants of hNGF-secreting stem cells protect vulnerable 
populations of striatal neurons from excitotoxic degenera- 
tion in a rodent model of HD. The magnitude of this effect 
is similar to what we have recently seen following im- 
plants of hCNTF-producing fibroblasts (Emerich et al., 
1996). The use of trophic factors in a neural protection 
strategy may be particularly relevant for the treatment of 
HD. Unlike other neurodegenerative diseases, genetic 
screening can identify virtually all individuals at risk that 
will ultimately suffer from HD. This provides a unique 
opportunity to design treatment strategies that can inter- 
vene prior to the onset of striatal degeneration. Thus, 
instead of replacing neuronal systems that have already' 
undergone extensive neuronal death, trophic factor strate- 
gies can be designed to support host systems programmed 
to die later in the organism's life. Studies assessing the 
long-term benefits of this approach in rodents and nonhu* 
man primate models of HD, in coiyunction with behavioral 
studies aimed at evaluating the effects of trophic factor- 
secretmg transplants upon both motor and cognitive se- 
quelae resulting from excitotoxic striatal lesions, will 
ultimately determine the clinical utility of this novel 
approach. Additionally, when evaluating a novel therapeu- 
tic strategy, the impact of unwanted effects of the interven- 
tion need to be considered. In the present study, sprouting 
of cholinergic fibers from the nucleus basalis to the NGF 
stem cells was observed. Whether this aberrant sprouting 
would occur in the large primate brain where the striatal 
target and the NGF-responsive basal forebrain cells are 
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spatially more segregated and whether this sprouting 
response is functionally deleterious needs to be estab- 
lished. 
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The capability for in vitro expansion of human neural stem cells 
(HNSCs) provides a well characterized and unlimited source 
alternative to using primary fetal tissue for neuronal replace- 
ment therapies. The HNSCs, injected into the lateral ventricle 
of 24-month-old rats after in vitro expansion, displayed 
extensive and positional incorporation into the aged host brain 
with improvement of cognitive score assessed by the Morris 



water maze after 4 weeks of the transplantation. Our results 
demonstrate that the aged brain is capable of providing the 
necessary environment for HNSCs to retain their pluripotent 
status and suggest the potential for neuroreplacement thera- 
pies in age-associated neurodegenerative disease. NeuroReport 
1 2: II 27-! 132 © 2001 Lippincott Williams & Wilkins, 
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INTRODUCTION 

The discovery of multipotent neural stem cells (NSCs) in 
the adult brain [1,2] has wrought revolutionary changes in 
the theory on neurogenesis, a theory that now suggests 
that regeneration of neurons can occur throughout life. To 
further this revolution, we have recently shown that hu- 
man neural stem cells (HNSCs) differentiated and survived 
>3 weeks in basal media without the addition of any 
supplements or exogenous factors [3], This result suggests 
that HNSCs are capable of producing endogenous factors 
necessary for their own survival and neuronal differentia- 
tion. Together, these recent findings stimulated us to 
investigate the transplantation of HNSCs to determine 
whether or not the aged brain will provide the necessary^ 
environment needed for a successful HNSC transplanta- 
tion. Here we show, for the first time to our knowledge, 
tliat not only did HNSCs expanded in vitro survive 30 days 
after xenotransplantation, retaining both multipotency and 
migratory capacity, but more remarkably, HNSC trans- 
plantation improved cognitive function in 24-month-oId 
rats. 

MATERIALS AND METHODS 

Detailed methods for the maintenance and proliferation of 
HNSCs have been described previously [4], Briefly, the 
HNSCs were cultured in 20 ml serum-free supplemented 
growth medium consisting of HAMS-F12 (Gibco, BRL, 
Burlington, ON); antibiotic-antimycotic mixture (Gibco); 
B27 (Gibco); human recombinant FGF-2 and EGF (R and D 
Systems, Minneapolis, MN) and heparin (Sigma, St. Louis, 
jMO). The cells were incubated at 37°C in a 5% CO2 
humidified incubation chamber (Fisher, Pittsburgh, PA). 



To facilitate optimal growth conditions, HNP spheroids 
were sectioned into quarters every 2 weeks and fed by 
replacing 50% of the medium every 4-5 days. 

Matured (6 months old) and aged (24 months old) male 
Fischer 344 rats were deeply anesthetized with sodium 
pentobarbital (50mg/kg, i.p.). Using bregma as a reference 
point, about 10^ cells were collected and slowly injected 
into the right lateral ventricle (AP -1.4; ML 1.8; DV 
3.8 mm) of the brain using a stereotaxic apparatus (Devid 
Kopff). Immunosuppressant was not given to the animals. 
The memory score was tested before and after the injection 
of cells using the Morris water maze. 

All animal experiments were conducted in strict accor- 
dance to guidelines of the university animal care commit- 
tee. The Morris water maze was conducted as described 
before [5]. The water maze consisted of a large, circular 
tank (diameter 183 cm; wall height 58 cm) filled with water 
(27°C) opacified by the addition of powdered milk (0.9 kg). 
Beneath the water surface (1cm), a clear escape platform 
(height, 34.5 cm) was positioned near the center of one of 
the four quadrants of the maze. The rats received three 
training trials per day for 7 consecutive days, using a 60 s 
inter-trial interval. A training trial consisted of placing the 
animal in the water for 90s or until it successfully located 
the platform. If the rat failed to find the platform within 
the 90s it was gently guided to the platform. For spatial 
learning assessment, the platform's location remained con- 
stant in one quadrant of the maze, but the starting position 
for each trial was varied. Every sixth trial was a probe trial, 
during which the platform was retracted to the bottom of 
the pool for 30 s and then raised and made available for 
escape. The training trials assess the acquisition and day- 
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to-day retention of the spatial task while the probe tests are 
usedL assess the search strategy. At the completion o the 
spatial learning assessment, one session with six trials ot 
cEe training was performed. Rats were trained to escape to 
a visible black platform raised 2cm above the surface of 
the water. The location of the platform was varied f om 
trial to h-ial in order to assess sensorimotor and mot va- 
tional functioning independent of spatial learning abihty. 
Each rat was given 30s to reach the platform and allowed 
fo remain thefe briefly before the 30 s inter-tnal interval 
Accuracy of performance was assessed usmg a eammg 
iidex score computed from the probe trials. The learning 
index is a derived measure from an average proximity 
Cumulative search error divided by the length of the probe 
t^ial) on the second, third, and fourth interpolated probe • 
trials. Scores from these trials were weighted and summed 
to provide an overall measure of spaHal leammg ability^ 
Lower scores on the index indicate a more accurate search 
in the vicinity of the target location; higher scores mdicate 
a more random search and poor leammg. 

At 30 days post-transplantation, the rats were sacrificed 
by an overdose of sodium pentobarbital (70mg/k|, i^pO 
and perfused with phosphate buffered salme (PBS) fol- 
lowed by 4% paraformaldehyde. Brains were removed 
placed into 4% paraformaldehyde fixative contaming 20 A 
sucrose and left overnight. The brains were sliced into 
20 Mm coronal sections using a cryomicrotome. The section 
were washed briefly in PBS and pretreated with 1 M HCl 
for 30min at room temperature and neutralized wi* 
sodium borate (O.IM, pH 8.0) for 30mm m order to 
increase the accessibiUty of the anti-bromodeoxyundme 
(BrdU) antibody to the BrdU incorporated m the cell 
nuclei. After rinsing with PBS, sections were transferred t^ 
the solution containing 0.25% Triton X-100 m PBS (PBST) 
for 30min. Then the sections were blocked m PBbi 
containing 3% donkey normal serum for Ih and mcubated 
with sheep anti-BrdU (1:1000; Jackson IR Laboratories, Inc. 
West GroJe PA) or mouse anti-BrdU (1:200; DSHB, Iowa 
City, lA) diluted in PBST overnight at A'C. After rinsmg in 
PBS, donkey anti-mouse or donkey anti-sheep conjugated 
to rhodamine IgG Gackson IR Laboratories, Inc.) was 
added at a 1:200 dilution in PBST for 2h at rootri tempera- 
ture in the dark. Then the sections were washed with 1 Bb 
and incubated with mouse IgG2b monoclonal anti-Jiunian 
Bffl-hibulin, clone SDL3D10 (1:500, Sigma), goat anh-hu- 
man-gliar filament protein (GFAP), N-terminal human 
affinity purified (1:200, Research Diagnostics Inc., Flander 
NI) and Mouse IgGl monoclonal anti-GFAP, clone G-A-5 
(1:500, Sigma), respectively, overnight at 4°C mjhe dark. 
The corresponding secondary antibodies for them were 
donkey anti-mouse (1:200) and donkey anti-goat IgG 
(H+L; 1:200) conjugated to FTTC Gackson IR Laboratories, 
Inc), respectively. FoUowing a brief PBS washmg, they 
were added into sections for 2h incubation at room tem- 
perature in the dark. Sections were then washed thor- 
oughly with PBS before mounting to glass glides. The 
mounted sections were covered with Vectashield with 4 ,6- 
diamidine-2-phenylindole.2HCl (DAPI, Vector Labora- 
tories, Inc., Burlingame, CA) for fluorescent microscopic 
observation. Microscopic images were taken by using the 
Axiocam digital camera mounted on the Axioscope 2 with 
Axiovision software (Zeiss). 



Sfe^HNSCs were expanded without differentiation under 
the influence of mitogenic factors in supplemented serum- 
free media [31. To differentiate between host and trai\s- 
pTantTd cells L nuclei of the HNSCs were labeled by the 
incorporation of BrdU into the DNA. These labeled cells 
were'subsequently injected unilaterally mto he later, 
ventricle of matured (6-month-old) and aged (24-monai 
old) rats. The cognitive hinction of fliese ammals was 
assessed by the Morris water maze [5] before and 4 weeks 
after the tiansplantation of HNSCs. Before the HNSCs 
transplantation, some of the aged animals (aged memory 
unimpaired animals) had cognitive function m the range of 
the mahired animals, while others (aged memory unpaired 
animals) had cognitive function entirely out of the rarige of 
Z matured animals (Fig. la). After ti^e HNSC transplanta- 
tion, most of the aged animals had cognitive function m 
the range of the matiired animals. Strikmgly, one of the 
aged memory impaired animals displayed behavior that 
was dramatically better than the level of the matiired 
animals (Fig. la). Statistical analysis showed that co^t^ve 
hinction fignificantly improved . ^oth matiired 
(p<0 001, n = 8)- and aged memory impaired ammals 
( p < 0 001, M = 6). In contrast, no improvement in cognitive 
faction was observed in vehicle injected control animals 
(„ = 6), or aged memory unimpaired animals (« = 7) after 
the HNSC transplantation (Fig. lb). Three of the 13 aged 
animals showed deterioration of performance m the water 
maze after the HNSC transplantation. This fact needs to be 
further analyzed, but this may be due to the deterioration 
of the physical strength of these ammals durmg the 

^''foTv^iatTtife morphology and population of differ- 
entiated HNSCs, we further analyzed brain sections taken 
after the second water maze task by immunohistochenus- 
try with cell specific markers. The hransplanted HNSCs, 
with BrdU-immunopositive nuclei, were stained for human 
BUI-tubulin and human GFAP. Double immunolabelmg 
with Bffl-tiibulin and BrdU in 3 different planes from the 
same microscopic view clearly shows the co-locahzahon of 
these two signals in the same cells (Fig. 2). Accordmg to 
Se manufacturer's description, the anti-pffl-tubulin anti- 
body may recognize the host (rat) pui-hibuhn Despite this 
the specific co-locaUzation of these pill-mbulm and BrdU 
at different planes indicates that the majority o PIU- 
tubulin-immunopositive cells are mdeed transplanted 
HNSCs. This may due to the fact that pill-tiibulm is mamly 
expressed in immatiire neurons, the majority of which are 
trLplanted HNSCs in this shidy. TT|e presence of tt^se 
cell-specific antigens indicates that the transplanted HNSCs 
successfiilly differentiated into neuroris and ashrocytes, 
respectively. Immunohistochemical analysis of bram sec- 
tions revealed cells intensely and extensively positive for 
human pffl-tubulin staining. Specifically, tiiese ceUs were 
located primarily in the bilateral cmgular and parietal 
cortexes (layer H, IV and V; Fig. 3a^) and hippocampus 

.to GFAP- 

immunopositive staining cells locahzed near the area 
where neuronal cells were foundL Fi^er analysis with 
double immunostaining revealed tha donor-denved astro- 
cytes co-localized with the neuronal fibers m the cortex 
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I Effect of HNSC transplantation on memory score in the water maze, (a) Individual memory score before and after the transpianotion shows 
Fig. I. tnect or nr«isv, ^""^P » ' imDalred animals, @: Aged memory unimpaired animals, ■: Matured animals, (b) Mean of 

in,provement in the 7°"^ shows a^gnlficant improvement in aged memory impaired and 

;i::Tnim:i: ^enlT&Set ::hS S^^n^dSot shpw signiLnt difference in mLory scores between before ® and after (■) the 

injection. 




Fig. 2. Co-localization of pill-tubulin and BrdU immunoreactivity in the same cells, (a-c) Three different planes of the same microscopic view. The 
Plll-tubulin-positive cells (green) show BrdU-positive nuclei (red) indicating that these cells are derived from transplanted HNSCs. 



layer m (Fig. 3f) and CA2 region of hippocampus (Fig. 3e). 
These donor-derived astrocytes were large compared with 
host glia, having cell bodies 8-10 in diameter with 
thick processes and BrdU-immunopositive nuclei (Fig. 3g). 



We did not detect the above-mentioned morphologies and 
distribution of GFAP positive cells in the control rats that 
received no HNSC transplantation. When we stained with 
an anti-GFAP antibody that recognizes rat GFAP (Sigma, 
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clone G-A-5), the host astrocytes had small cell bodies wi h 
muWple deUcate processes, which were distributed mainly 
rtiJlite matter and around the edge of the bram (data 
not shown). 

SIfre are^t^o'^possible mechanisms to explain the bene- 
S effects of the HNSC transplantation on cognitive 
Son of the host brain. One is replaceirient or augmen- 
SSon of neuronal circuit by the HNSC-derived neurons 
and o^er is the neurotrophic action of factors released 
?rom transplanted HNSCs. Although the followmg 
rnorpholodcal shidy shows extensive mcorporahon o 
massiveVowth of neuronal fij- ^^^^^^"^ 
brain area related to spatial memory t^sk, HNSCs mayshU 
migrate toward the damaged neurons and rescue them by 
Se^production of neurotrophic factors. Therefore a syjer- 
gisni between these two mechanisms may exist and allow 
for the successful transplantation. . ■ i„ 

Since the spatial memory of HNSC-transplanted animals 
as assessed by the Morris water maze improved, incor- 
poration of HNSCs into the brain areas known to be 
related to spatial memory [5,6] allowed for an improve- 
r^ent in spatial memory. Although pm-hibulm is consid- 
ered to be an early neuronal marker and physiological and 
eLctromicroscopi? investigations will be required to d^- 
mine the functional incorporation of ^^^e HNSC-derued 
neurons, the morphological observation mdicates that hmc 
tional association of these cells to the host brain occu^ed 
Further histochemical analysis revealed that the pUI-hibu 
S^ositive donor-derived cells found in the cerebral cortex 
were characterized by having dendrites pointing to ttie 
edge of the cortex whereas in the hippocampus, donor- 
derived neurons exhibited morphologies witi. multiple 
processes and branches. These differential morphologies of 
L transplanted HNSCs in different bram regions mdicate 
that site-specific differentiation of HNSCs occurs accordmg 
to various factors expressed in each brain region 

We observed sbrong astrocyte stammg m the frontal 
cortex layer 3 and CA2 region of hippocampus, areas 
where astrocytes are not normally present in the animal. 
?he migration of HNSCs to the CA2 ra^es particula 
Merest because CA2 pyramidal neurons highly express 
bFGF and the expression of bPGF is up-regula te^^ by 
entorhinal cortex lesions [7-9). The CA2 pyramidal neur- 
ons in the host brain may express bFGF as a response to a 
reduction of synaptic tiansmission, an event that may 
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occur during aging. Subsequently, this exprjsed bF^^^^^^^^^^ 
act as a signal for the transplanted HNSCs to respond 
m grate anf/or proliferate under the influence °f bFGF 
produced in the host brain after the transplantation^ 
"^^e regions rich in astrocyte staining are also the same 
regions where the extensively stained neuronal fibers were 
dSed (Fig. 3a,c,e). During development g lal cells have 
many coriplex functions, such as neurona anc^ axona 
guidance, and production of trophic factors [10]. It has 
b^en suggested that following transplantation, migrating 
Sceuf guide and support the growth and extension of 
neuronal fibers [11]. However, other shidies have argued 
S.at dial cells may be detrimental by forming an extensive 
!^ter&e between' the host and g-ft [12]. Altijough the 
mechanism(s) of glia-neuron ^'^''''°\;^J\^^^f;. 
transplanted host brain is not well understood, this over 
Tapping distribution of glial and neuronal ^f^bers strongly 
suggests that this interaction plays a pivotal role m ^e 
survival, migration, and differentiation of tiansplanted 

"iS'most significant difference in our experimental 
procedure is the lateral inh-avenb:icular transplantation of 
undifferentiated HNSCs in" the form of neuro-spheroids^ 
While many stiidies were done with t^a-^i"^^^ 
of dissociated and partially differentiated NSCs [4 13-15L 
we employed spheroid injection because the dissociation 
of neuro-spheroids is known to cause i/n^nediate senes- 
cence of NSCs and increase the vulnerability of NSCs m 
culhire [16]. Another added benefit of intiaventricular 
SJection is !hat since ti^ere is less tissue destruction it may 
induce less recruihnent of immune ceUs by the host. Th s 
Te^idenced by the lack of increased host astrocyte 
staining without any immunosuppression^ The mechanisrn 
behind tiansplanted cell migration into the bram through 
tiie ventiicle is as yet still unknown. However, our re ults 
indicate that tiie mechanism may lie behind a direct 
integration into ti.e host brain. Specifically, immimoh sto- 
chemical analysis revealed that some o the BrdU cells 
were found to be sihiated along the lateral ventricular wall 
while a few appeared to have integrated directly mto the 
cells lining the ventiicle. Similar observations were re- 
ported in a variety of stiidies using neuronal tiansplanta- 
tion to the lateral ventiicle of animals. The intiaventiicular 
transplantation used in this stiidy may provide an alter- 
native route to the site-specific injection by which he 
grafted cells may gain access to various stiuctiires by the 
flow of CSF. 



Fig. 3. Typical fluorescent immunohistochemical pictures .n the ffl^^.r^/^^.-^^JjVnw t^^^^^^ and differentiated into neurons as indicated by the 
immunoreaaivity as markers for neuron and glia. respectively, (f*) ^^^SCs m g^tej ^e ™ ^^^^^ ^^,^^1 dendrites w?re 

pTZbulin-positive cells (green), which have "^orpho og^s typ^^^^^^^^ '-^IT^. transplantation, the transplanted cells will have BrdU- 

pointed towards to the edge of the cortex. Since we labeled ^^'^^^.^J;'*' .^^j^J,,^ cells widi BrdU-positive nuclei are observed with plll- 

Se nuclei (red). Contrarily. the host cell's nuclei are J^^^^ S "e I ye r 1Mb) Higher magnification of the parietal cortex in cortex 

tubulin immunoreactivity In layer II and without pi -tubulin B^U-PoSS (red) while many otiier host cell's nuclei are samed wah 

layer IV: All the pill-tubulin-immunoreactive (8^««") P.°«'«^\«' ' h^^^^ hippocampus and differentiated into P ll-tubulin 

oX DAPI (blue) HNSCs tend to have larger nude, than host cells W .^/^^^^^ "^'5,^^^ These Blll-tubulin-positlve cells have BrdU-posiove- 
Stive cells (green), having morphologies typical of pyramidal cells m CA py^n^dal ""^yj^- l^"" ,P,„,erstained with DAPl (blue) are not pill- 
nuce (red), indicating that'these cells originated from «"'P'»"«^"^- |^ fred) a d Plll-tubulin-positive cells (green), (e In the denute 
^bulin-positive. (d) Hippocampus CA2 shows a ^^l^^'^^r^'^^^'^^'^^^^^ vJere pill-tubulin positive, (f) 

gyrus-as well as the pill-tubulin-positive cells (green) and GFAP-po a^ve '^J^^^^ /^^ ^ave not seen such a layer of astrocytes in normal rats 
than the host (rat) astrocytes. 
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Following inimunohistochemistry, a symmetrical distri- 
bution of neurons and astrocytes at both sides of the host 
brain was observed, indicating that the progeny of these 
HNSCs have a great potential for migration. Although 
astrocytes have been shown to migrate over long distances 
following transplantation [17-19], there is experimental 
evidence showing that neurons do not migrate as widely 
as glial cells [20]. In our study, the neuronal precursors 
derived from the HNSCs seem to possess similar migratory 
ability as the astrocyte precursors. This may be due to the 
fact that we transplanted undifferentiated HNSCs and such 
an immature stage for both glia and neuron possesses the 
potential to migrate over long distances. The extensive 
incorporation of neuronal and glial cells found in the 
cortex and other sub-regions of the hippocampus may be 
interpreted as evidence for the significance of local cues or 
signals within these regions which enable these grafted 
NSCs to migrate. It remains to be demonstrated, however, 
to what extent these newly formed neurons can undergo 
complete maturation with physiologically functional con- 
nections to the host brain. 

Many studies have discovered the existence of endogen- 
ous precursor cells in certain regions of the brain. These 
regions include the anterior sub ventricular zone (SVZ) and 
the hippocampal dentate gyrus, areas where neurogenesis 
continues into adulthood in mammalian species, including 
humans [21-23]. The presence of multipotent neural cells 
in the adult brain similar to the fetal neural stem cell in 
these brain regions indicates the importance of microenviron- 
ments to neural progenitors. Aging is characterized by 
increased levels of inflanunation in the CNS [24,25]. Thus, 
it is reasonable to speculate that factors existing in the 
environment of the aged brain may direct the non-neuro- 
nal differentiation pathway. However, in our current 
study, the transplanted HNSCs successfully generated 
many morphologically functional neurons in the aged 
animals. In a previous study, we observed that initial glial 
differentiation of HNSCs was followed by neuronal differ- 
entiation in a serum-free culture media without any addi- 
tional factor [3]. This finding suggests that glial 
differentiation caused by the serum deprivation produced 
factors that allowed neurons to differentiate. Since we 
observed an association of astrocytes and neurons derived 
from HNSCs in this study, we may have to consider the 
possibility that the donor astrocytes may direct the neurb- 
nal differentiation. 



CONCLUSION 

In order to facilitate therapeutic HNSC application to the 
general adverse consequences of aging and neurodegenera- 
tive diseases, it is important to understand these environ- 
mental factors which direct the differentiation fate of these 
HNSCs to diverse lineages in vivo. While future studies are 
needed to elucidate these environmental factors, we have 
none the less demonstrated that HNSC transplantation into 
the brains of aged memory impaired rats significantly 
improved their cognitive function. Moreover, not only did 
the HNSCs successfully differentiate into neurons and 
astrocytes, but more importantly, both neurons and astro- 
cytes migrated to the cortex and hippocampus in a well- 
defined and organized pattern in the adult brain. 

REFERENCES 

1. AIvarez-Buylla A and Kim JR. / Neurohiol 33, 585-601 (1997). 

2. Gould E, Reeves AJ, Graziano MS et al Science 286, 548-552 (1999). 

3. Brannen CL and Sugaya K. Neuroreport 11, 1123-1128 (2000). 

4. Benninger Y, Marino S, Hardegger R et al Brain Pathol 10, 330-341 
(2000). 

5. Sugaya K, Greene R, Personett D et al Neurohiol Avin^ 19, 351-561 
(1998). 

6. Kesner RP. Hippocampus 10, 483-490 (2000). 

7. Eckenstein FP, Kuzis Nishi R et al Biochem Pharmacol 47, 103-110 

(1994) . 

8. Gonzalez AM, Berry M, Maher PA et al Brain Res 701, 201-226 (1995). 

9. Williams TE, Meshul CK, Cherry NJ et al } Comp Neurol 370, 147-158 
(1996). 

10. Pundt LL, Kondoh T and Low WC. Brain Res 695, 25-36 (1995). 

11. Isacson O, Deacon TW, Pakzaban P et al Nature Med 1, 1189-1194 

(1995) . 

12. Zhou FC Buchwald N, Hull C et al Neuroscience 30, 19-31 (1989). 

13. Blakemore WF and Franklin RJ. Cell Transplant 9, 289-294 (2000). 

14. Rosser AE, Tyers P and Dunnett SB. Eur / Neurosci 12, 2405-2413 (2000). 

15. Rubio FJ, Bueno C, ViUa A et al Mol Cell Neurosci 16, 1-13 (2000). 

16. Svendsen CN, ter Borg MG, Armstrong RJ et al J Neurosci Methods 85, 
141-152(1998). 

17. Blakemore WF and Franklin RJ. Trends Neurosci 14, 323-327 (1991). 

18. Hatton JD, Garcia R and UHS. Glia 5, 251-258 (1992). 

19. Lundberg C, HoreUou P, Mallet J et al Exp Neurol 139, 39-53 (1996). 

20. Fricker RA, Carpenter MK, Winkler C et al } Neurosci 19, 5990-6005 
(1999). 

21. Gage FH. Science 287, 1433-1438 (2000). 

22. Gould E, Reeves AJ, Fallah M et al Proc Natl Acad Sci USA 96, 5263- 
5267 (1999). 

23. Komack DR and Rakic P. Proc Natl Acad Sci USA 96, 5768-5773 (1999). 

24. Lee CK, Weindruch and ProUa TA. Nature Cenet IS, 294-297 (2000). 

25. Pedersen BK, Bruunsgaard H, Osh-owski K et al Int J Sports Med 
ZKSuppl 1), S4-9 (2000). 



Acknowledgments: The authors would like to thank Andrew K. Sugaya for technical assistance. 



1132 Vol 12 No 6 8 May 2001 



Experimental Neurology 167, 27-39 (2001) 

doi:10.1006/exnr.2000.7539, available online at http://wwwadealibrary.com on IQE^l® 



Transplantation of Clonal Neural Precursor Cells Derived from Adult 
Human Brain Establishes Functional Peripheral Myelin 

in the Rat Spinal Cord 

Yukinori Akiyama,* Osamu Honmou,*'t'i Takaaki Kato,* Teiji Uede,* 
Kazuo Hashi,* and Jeffery D. Kocsist't 

"^Department of Neurosurgery, Sapporo Medical University School of Medicine, Sapporo, Hokkaido 060-8543, Japan; ^Department 
of Neurology, Yale University School of Medicine, New Haven, Connecticut 06516; and iNeuroscience and Rehabilitation 
Research Centers, Department of Veterans Affairs Medical Center, West Haven, Connecticut 06516 

Received December 22, 1999; accepted August 1, 2000 



We examined the myelin repair potential of trans- 
planted neural precursor cells derived from the adult 
hiunan brain from tissue removed during surgery. 
Sections of removed brain indicated that nestin-posi- 
tive cells were found predominately in the subven- 
tricular zone aroiind the anterior horns of the lateral 
ventricle and in the dentate nucleus. Neurospheres 
were established and the nestin-positive cells were 
clonally expanded in EGF and bFGF. Upon mitogen 
withdrawal in vitro, the cells differentiated into neu- 
ron- and glia-like cells as distinguished by antigenic 
profiles; the majority of cells in culture showed neuro- 
nal and astrocytic properties with a small number of 
cells showing properties of oligodendrocytes and 
Schwann cells. When transplanted into the demyeli- 
nated adult rat spinal cord immediately upon mitogen 
withdrawal, the cells elicited extensive remyelination 
with a peripheral myelin pattern similar to Schwann 
cell myelination characterized by large cytoplasmic 
and nuclear regions, a basement membrane, and PO 
immunoreactivity. The remyelinated axons conducted 
impulses at near normal conduction velocities. This*" 
suggests that a common neural progenitor cell for CNS 
and PNS previously described for embryonic neuroep- 
ithelial cells may be present in the adult human brain 
and that transplantation of these cells into the demy- 
elinated spinal cord results in functional remyelina- 
tion. O 2001 Academic Press 

Key Words: neural precursor cells; axon; demyelina- 
tion; glia; myelin; multiple sclerosis; Schwann cell. 



INTRODUCTION 

Multipotent precursor or stem cells are present in 
the mammalian central nervous system (CNS) during 
development and in the adult brain (16, 26, 33, 38, 42, 
48). A recent study has demonstrated that neuro- 
spheres can be developed from multipotent/progenitor 



cells from neurogenic regions of the adult human brain 
(30). Neural precursor cells can be isolated and ex- 
panded in culture in the presence of mitogens such as 
epidermal growth factor (EGF) or basic fibroblast 
growth factor (bFGF) (8, 17, 20, 27, 53). After with- 
drawal of the mitogens and with appropriate growth 
factors or substrates these cells can differentiate into 
neurons or glia (44, 48). When transplanted into the 
embryonic or neonatal CNS both neurons (6, 50, 53) 
and oligodendrocytes (20, 37) have been generated. 
These cells appear to differentiate and integrate into 
the host CNS because they form fimctional synapses 
(neurons) and myelinate (oligodendroctyes) axons. 
However, when injected into the adult CNS, stem cells 
differentiate into primarily astroc3^es (35). These re- 
sults indicate that environmental signals may direct 
the specification of cell lineage. 

Multipotential neural progenitor cells derived from 
the fetal human brain propagate and differentiate in 
culture and in vivo (10, 39, 52). Progenitor cells from 
adult finimals have been cultured from the subependy- 
mal zone (SEZ) (25, 26, 38, 48), the subventricular zone 
(SVZ) (33, 38), the hippocampus (16, 42), and the spinal 
cord (27, 40, 46). A recent study suggested that ependy- 
mal cells may be a source of progenitor cells (25), but a 
GFAP-positive cell distinct from, but adjacent to, 
ependymal cells has been recently implicated as the 
primary neural progenitor cell type of the subventricu- 
lar region (13). 

While oligodendrocytes normally myelinate CNS ax- 
ons, Schwann cells can remyelinate CNS axons after 
injury (14) and following transplantation into the de- 
myelinated CNS (4, 22). Schwann cells can be derived 
from single cell clones of neural crest cells (31). Muj- 
taba et ai (40) have distinguished a common neural 
progenitor for the PNS and the CNS. They found that 
cultured neuroepithelial cells derived from embryonic 
rat spinal cords can differentiate into CNS precursors 
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TABLE 1 



Tissue Derivation Sites for Cultures from Patients with Lobe Resections for Tumor Removal 


Case 


Age/sex 


Diagnosis 


Location 


Culture 


1 


35/F 


Glioma 


Frontal lobe (SVZ/SEZ) 




2 


19/M 


Glioblastoma 


Frontal lobe (SVZ/SEZ) 


+ 


3 


64/F 


Glioblastoma 


Temporal cortex 




4 


62/F 


Glioma (low grade) 


Temporal lobe, hippocampus 


+ 


5 


44/F 


Glioma (low grade) 


Frontal cortex 





Note. The patients ranged in age from 19 to 64 years old and all had a diagnosis of glioma or glioblastoma. Neural progenitor cells were 
cultured from frontal and temporal lobe tissue which included periventricular, subependymal, or subventricular zones. Cultures derived from 
frontal or temporal cortex did not yield neural progenitor cells in culture. 



which can differentiate into CNS neurons and glia and 
PNS precursors which can differentiate into neural 
crest cells which give rise to peripheral neurons, 
Schwann cells, and smooth muscle. Recently, 
Keirstead et al. (28) demonstrated that immuno- 
selected precursor cells from neonatal rat forebrain 
expressing the polysialyated (PSA) form of the neural 
cell adhesion molecule (NCAM), which mostly generate 
oligodendrocytes and astrocj^es in vitro, can produce 
peripheral myelin in vivo. 

To test the ability of neural precursor cells derived 
from the adult brain to differentiate into myelin-form- 
ing cells and repair the adult demyelinated CNS, we 
transplanted clonal neural progenitor cells derived 
from the adult human brain into an experimentally 
established glial-free zone in the dorsal columns of the 
rat spinal cord. Although these precursor cells differ- 
entiated upon mitogen withdrawal in culture into neu- 
rons and astroc3^es and to a lesser extent oligodendro- 
cytes, when transplanted into a demyelinated glial-free 
zone of the adult rat spinal cord, they extensively re- 
myelinated the axons and restored near normal con- 
duction velocity. The majority of the myelinated axons 
displayed a peripheral pattern of myelination which is 
characterized by PO immunoreactivity, large nuclear 
and cytoplasmic regions of the myelin-forming cells 
surrounding the axons and a basement membrane. 
These data provide evidence that clonal neural precur- 
sor cells derived from the adult brain can give rise to 
Schwann-like cells which form functional myelin when 
transplanted into an axon-enriched glial-free environ- 
ment of adult central white matter. Thus, these data 
suggest that a common neural progenitor cell for the 
CNS and the PNS described for embryonic neuroepi- 
thehal cells (40) may also be present in the adult hu- 
man brain. 

METHODS 

Derivation of Adult Human Tissue 

Brain tissue was obtained from five patients under- 
going lobe resection for tumor (glioma) removal (Table 



1). Either tissue was fixed and prepared for sectioning 
and immunohistochemistry or selective regions were 
dissociated for preparation of neurospheres. As our 
cells were derived from the adult human brain re- 
moved because of glioma^ criteria were established to 
distinguish the neurospheres from the glioma cells. 
First, when cultured alone the glioma cells did not float 
but adhered to the bottom of the culture flasks. More- 
over, they continued to propagate even when they be- 
came confluent; the neurosphere-derived cells stopped 
dividing upon becoming confluent. We also removed 
tissue from regions remote from the site of the glioma. 
The glioma cells continued to propagate with and with- 
out the presence of mitogens. The proliferative proper- 
ties of the glioma cells, their adherence to the bottom of 
the flasks, and their inability to produce small floating 
cells that coalesce to form neurospheres indicate that 
these cells were likely not present in the neurosphere 
cultures utilized for this study. 

Nestin Immunoreactivity in Brain Slices 

The whole human brain was obtained from a cadaver 
of a 24-year-old female. The cerebral cortex, subven- 
tricular zone, and hippocampus were fixed with 4% 
paraformaldehyde in 0.14 M Sorensen's phosphate 
buffer (pH 7.4) at 4°C for 24 h and dehydrated with 
30% sucrose in 0.1 M phosphate-buffered saline (PBS) 
for overnight. The tissues were then placed in OCT 
compound (Miles Inc.) and frozen in liquid Ng, and 
10-/jLm sections were cut with a cryostat. Sections were 
dried onto silane-coated slides. Immunohistochemistry 
was carried out using an anti-nestin antibody (nestin; 
1:5000 anti-monoclonal mouse anti-nestin, Chemicon). 
The primary antibody was visualized using Vectastain 
ABC-AP mouse IgG kit (Vector Laboratories) and al- 
kaline phosphatase substrate kit 4 (BCIP/NBT; Vector 
Laboratories) according to the manufacturer's instruc- 
tion. After immunostaining, slides were covered by 
coverglasses using Crystal/Mount (Biomeda Corp.). 
Photographs were taken on a Zeiss microscope (Axio- 
skop FS). 
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Primary Culture of Adult Human Neural Precursor 
Cells 

Tissue samples were obtained from frontal cortex, 
temporal cortex, hippocampus, and the subventricular/ 
subependymal zone of the frontal lobe in adult humans 
operated on to remove brain tumors (summarized in 
Table 1). The samples were dissected in L-15 medium; 
rinsed; enzymatically treated in L-15 containing 0.01% 
DNase I, 0.25% trypsin, and 0.1% coUagenase at 37°C 
for 30 min; and mechanically dissociated by brief trit- 
uration with a fire-polished silicon-coated Pasteur pi- 
pette. The cells were collected by centrifugation, resus- 
pended in serum-free medium (NPMM, neural progen- 
itor cell maintenance medium, Clonetics, San Diego, 
CA) supplemented with 10 ng/ml bFGF and 10 ng/ml 
EGF, and plated onto 100-mm^ laminin-coated tissue 
culture plates at 8 x 10^ cells per plate. The next day, 
the cells were resuspended and then plated onto 100- 
mm^ noncoated culture plates. Six hours later, the 
supernatant was collected and replated onto 100-mm^ 
noncoated culture plates. Cells were maintained at 
ZTC in 5% C02/95% Og. bFGF and EGF were added 
daily and culture medium was changed weekly. Spher- 
ical masses (i.e., neurospheres) became visible after 
7-10 days in culture. 

Clonal Expansion and Induced Differentiation of 
Adult Human Neural Precursor Cells 

A spherical mass of cells in the primary culture dish 
was collected under microscopy and was dissociated by 
incubation in HBSS containing 0.05% trypsin and 
0.01% DNase L The dissociated cells were cloned by 
limiting dilution in 96-well plates. After the single cell 
expansion, a spherical mass of cells in the secondary 
culture was collected and the same procedure was re- 
peated for further subcloning. In all processes, cells 
which were not dissociated well were discarded to 
avoid contamination. " 

Differentiation of the clones was initiated by enzy- 
matically and mechanically dissociating the cellular 
sphere (neurosphere) and culturing on polyethylenei- 
mine-pretreated plates in the absence of mitogen. 

Phenotypic Analysis in Vitro: Immunocytochemistry 

Cultured cells were rinsed in PBS and fixed for 15 
min with a fixative solution containing 4% paraformal- 
dehyde in 0.14 M Sorensen's phosphate buffer, pH 7.4, 
4**C. Fixed cells were incubated for 15 min in a blocking 
solution containing 0.2% Triton X-100 and 5% normal 
goat serum before incubation with the primary anti- 
body. The primary antibodies used were anti-a-micro- 
tubule-associated protein 2 (MAP-2; 1:10,000 monoclo- 
nal mouse anti-MAP-2, Upstate Biotechnology), anti-r 
(r 1:1,000 monoclonal mouse anti-r, Sigma), anti-)3- 
tubulin type III (TUJ-1; 1:500 monoclonal mouse anti- 



TUJ-1, Babco), anti-neurofilament (NF; 1:1,000 mono- 
clonal mouse anti-NF, Nitirei), anti-neuron-specific 
enolase (NSE; 1:1,000 polyclonal rabbit anti-NSE, 
Nitirei), anti-ghal fibrillary acidic protein (GFAP; 
1:200 polyclonal rabbit anti-GFAP, Nitirei), anti-04 
(04; 1:100 monoclonal mouse anti-04, Boehringer 
Mannheim), anti-galactocerebroside (GalC; 1:200 
monoclonal mouse anti-GalC, Boeringer Mannheim), 
anti-nestin (nestin; 1:5,000 monoclonal mouse anti- 
nestin, Chemicon), anti-A2B5 (1:100 monoclonal 
mouse anti-A2B5, Boehringer Mannheim), anti-vimen- 
tin (Vim; 1:100 monoclonal mouse anti-Vim, Nitirei), 
anti-peripheral myelin protein (PO; 1.200 monoclonal 
rabbit anti-PO antibody, kindly provided by Dr. D. Col- 
man), and anti-S-lOO protein (S-100; 1:1000 polyclonal 
rabbit anti-S-100, Nitirei). Triton-X was omitted in the 
reaction with A2B5, GalC, and 04 primary antibody. 
The primary antibody was visualized using goat anti- 
mouse and goat anti-rabbit IgG antibody with fluores- 
cein (FITC) (1:100, Jackson ImmunoResearch Labora- 
tories, Inc.) or alkaline phosphatase reaction (Zymed) 
according to the manufacturer's instructions. After im- 
munostaining, coverslips were mounted cell side down 
on microscope slide using mounting medium (Dako). 
Photographs were taken on a Zeiss immunofluorescent 
microscope (Axioskop FS). 

LacZ Transfection into the Clonal Adult Human 
Neural Precursors 

An expression vector for mammahan cells which con- 
tains the LacZ gene was used to transduce the bacte- 
rial jS-galactosidase (j3-gal) gene into clonally expanded 
neural precursors derived from the human brain. 
Clones of neural precursors were transfected by 
pcDNA3.1/His/LacZ (Invitrogen) constructed by clon- 
ing the jS-gal gene into the pcDNA vector. The CMV 
provided the promoter for the jS-gal gene. The simian 
virus 40 early promoter and the neomycin resistance 
, gene, transmitting G418 resistance, are present down- 
stream from the /3-gal gene to permit selection of trans- 
fected colonies. Lipofectamine (20 /xg/ml; Gibco) was 
used to transfect the expression vector pcDNA3.1/His/ 
LacZ (10 fxg/m\) to cultured precursors, which were 
rapidly proliferating under the influence of mitogen. 
Transfected precursors were then selected by incuba- 
tion with the neomycin analogue G418 (400 /xg/ml). 
Five rats received transplants from neuroprecursors 
transfected with the LacZ gene. 



Animal Preparation and Transplantation 

Experiments were performed on 12-week-old Wistar 
rats (8 unoperated controls, 10 demyelinated, and 15 
demyelinated with transplants). The transplant exper- 
iments in = 15) were carried out in three groups of 5 
rats for a repeat of three times. A focal demyelinated 
lesion was created in the dorsal column of the spinal 
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cord using X-irradiation and ethidium bromide injec- 
tion (EB-X) utilizing a method similar to that of Hon- 
mou et al. (22). Briefly, rats were anesthetized with 
ketamme (75 mg/kg) and xylazine (10 mg/kg) ip, and a 
40-Gy surface dose of X-irradiation was delivered 
through a 2 X 4-cm opening in a lead shield (4 mm 
thick) to the spinal cord caudal to the 10th thoracic 
level (T-10) using a Softex M-150 WZ radiotherapy 
machine (100 kV, 1.15 mA, SSD 20 cm, dose rate 200 
cGy/min). Three days after irradiation, rats were anes- 
thetized as above and, using sterile technique, a lami- 
nectomy was performed at T-11. The demyelinating 
lesion was induced by the direct injection of EB into the 
dorsal column via a drawn glass micropipette. Injec- 
tions of 0.5 Ml of 0.3 mg/ml EB in saline were made at 



depths of 0.7 and 0.4 mm near the midline of the dorsal 
columns at three longitudinal sites separated by 2 mm. 
A suspension of clonal progenitors (1 X 10^ cells/^tl) in 
l/il medium was injected into the middle of the EB-X- 
induced lesion 3 days after the EB injection. Trans- 
plant-receiving rats were immunosuppressed with cy- 
closporin A (10 mg/kg/day, sc, kindly provided by No- 
vartis Pharma AG, Basel, Switzerland). 

Histological Examination 

The rats were deeply anesthetized wdth sodium pen- 
tobarbital (50 mg/kg, ip) and perfused through the 
heart, first with PBS and then with a fixative solution 
containing 2% glutaraldehyde and 2% paraformalde- 
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FIG. 2. Cell differentiation in culture after mitogen removal. 
Phase contrast photomicrographs showing a neuron-like cell (A, left), 
an astrocyte-like cell (B, left), and an oligodendrocyte-like cell (C, 
left). Immunolabeling of the cells with anti-MAP-2 (A, right), anti- 
GFAP (B, right), and anti-GalC (C, right) indicates neuronal, astro- 
cytic, and oligodendrocytic phenotypes, respectively. The primary 
antibody was visualized using goat anti-mouse and goat anti-rabbit 
IgG antibody with alkaline phosphatase reaction. Bar, 25 /Ltm. 



hyde in 0.14 M Sorensen's phosphate buffer, pH 7.4. 
Following in situ fixation for 10 min the spinal cord 
was carefully excised, cut into l-mm segments, and 
placed into fresh fixative. The tissue was washed sev- 
eral times in Sorensen's buffer, postfixed with 1% OsO.4 
for 2 h at 25°C, dehydrated in graded ethanol solutions, 
passed through propylene oxide, and embedded in 
EPON. Thick sections (1 jitm) were cut, counterstained 
with 0.5% methylene blue, 0.5% azure II in 0.5% borax, 
and examined with a hght microscope (Zeiss: Axioskop 
FS). Semithin sections were counterstained with ura- 
nyl and lead salts and examined with a JEOL 
JEM1200EX electron microscope operating at 60 kV. 

Detection of ^-Galactosidase Reaction Products in 
Vitro and in Vivo 

j3-Gal-expressing cells were detected in vitro by in- 
cubating the cultured neurospheres with X-Gal to form 
a blue color within the cell (data not shown). Neuro- 
spheres were fixed in 0.05% glutaraldehyde, washed 
with PBS, and then incubated with X-Gal to a final 
concentration of 1 mg/ml in X-Gal developer (35 mM 



K3Fe(CN)6/35 mM K4Fe(CN)6.3H20/2 mM UgCU in 
phosphate-buffered saline). Cells were then incubated 
at 3TC overnight and examined by light microscopy 
for the presence of a blue reaction product. 

Three weeks after transplantation, jS-galactosidase- 
expressing Schwann-like cells were detected in vivo. 
Spinal cords were removed and fixed in 0.5% glutaral- 
dehyde in phosphate buffer for Ih. Sections (100 fim) 
were cut with a vibratome and )3-galactosidase-ex- 
pressing Schwann-like cells were detected by incubat- 
ing the sections at 37°C overnight with X-Gal to a final 
concentration of 1 mg/ml in X-Gal developer to form a 
blue color within the cell. The slices were then fixed in 
10% paraformaldehyde in phosphate buffer overnight, 
dehydrated, and embedded in paraffin. Transverse sec- 
tions (3 /xm) were cut and examined by light micros- 
copy (Zeiss; Axioskop FS) for the presence of a blue 
reaction product (/3-galactosidase reaction product). 

Phenotypic Analysis in Vivo: Immunohistochemistry 

Three weeks after transplantation, the peripheral 
myelin protein PO-expressing myelin-forming cells 
were detected in vivo. The rats were deeply anesthe- 
tized with sodium pentobarbital (50 mg/kg, ip) and 
perfused through the heart, first with PBS and then 
with a fixative solution containing 10% paraformalde- 
hyde in 0.14 M Sorensen's phosphate buffer, pH 7.4. 
Spinal cords were removed, fixed in 10% paraformal- 
dehyde in phosphate buffer for overnight, dehydrated, 
and embedded in paraffin. Transverse sections (3 /xm) 
were cut. Paraffin wax-embedded sections were de- 
waxed in xylene and treated with 1% hydrogen perox- 
ide. Monoclonal rabbit anti-PO antibody (1:200), poly- 
clonal rabbit anti-NSE antibody (1:1000), and poly- 
clonal rabbit anti-GFAP antibody (1:200) were apphed. 
The primary antibody was visualized using goat anti- 
rabbit IgG antibody with peroxidase reaction. The nu- 
cleus was counterstained with hematoxylin. After de- 
hydration with 70% alcohol, coverslips were mounted 
tissue side down on microscope slide using mounting 
medium (Dako). Photographs were taken on a Zeiss 
microscope (Axioskop FS). 

Field Potential Recording 

After induction of deep anesthesia (sodium pentobar- 
bital 50 mg/kg, ip), the spinal cords of control in = 5), 
demyelinated in = 5), and transplanted rats (n = 5) 
were quickly removed and maintained in an in vitro 
submersion-type recording chamber with a modified 
Krebs' solution (containing 124 mM NaCl, 26 mM 
NaHCOg, 3mM KCl, 1.3 mM NaH2P04, 2 mM MgCla, 
10 mM dextrose, 2 mM CaCla; saturated with 95% O2 
and 5% CO2) (Fig. 6A). Field potential recordings of 
compound action potentials were obtained with glass 
microelectrodes (1-5 Mfi; 1 M NaCl) positioned in the 
dorsal columns, and signals were amphfied with a 
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high-input impedance amplifier (Axoclamp 2A; Axon 
Inc.) and stored on a digitizer (Nicolet Pro 34). The 
axons were activated by electrical stimulation of the 
dorsal columns with bipolar Teflon-coated stainless- 
steel electrodes cut flush and placed lightly on the 
dorsal surface of the spinal cord. Constant current 
stimulation pulses were delivered through stimulus 
isolation units and the timing of the pulses was con- 
trolled by a digital timing device. The recorded field 
potentials were positive-negative-positive waves cor- 
responding to source-sink-source currents associated 
with propagating axonal action potentials (22, 29); the 
negativity represents inward current associated with 
the depolarizing phase of the action potential. 

All variances represent standard error (±SEM). Dif- 
ferences among groups were assessed by unpaired two- 
tailed t test to identify individual group differences. 
Differences were deemed statistically significant at 
P < 0.05. 

RESULTS 

Regional Distribution of Nestin-Positive Cells in the 
Adult Human Brain 

Nestin immunoreactivity was studied in human 
brain sections obtained from the periventricular region 
of the frontal lobe, the hippocampal complex, and the 
frontal cortex. Islands of nestin-positive cells were 
found in each of these regions. The SEZ/SVZ regions 
located below the ependyma of the lateral margin of 
the anterior horn of the lateral ventricle contained a 
relatively high density of cells (Figs. lA and IB). The 
nestin-positive cells were either dispersed or localized 
in small groups. Within the hippocampal complex, the 
external surface of the dentate gyrus also contained a 
relatively high density of nestin-positive cells; Am- 
mons horn (CA1-CA4) had a paucity of nestin-positive 
cells. Although frontal cortex had recognizable nestin-.. 
positive cells, they were scattered and much less dense 
and localized compared to the SEZ/SVZ and the den- 
tate gyrus. 

Brain tissue was removed from five patients (See 
Methods and Table 1) and divided from each patient for 
preparation of neurospheres in culture. We could pre- 
pare neurospheres from the SEZ/SVZ in two and from 
the temporal lobe/hippocampus in one patient (Table 
1). We were unsuccessful in obtaining neurospheres 
from tissue in the temporal cortex and frontal cortex in 
two other patients. Neurospheres used in this study 
were prepared from the SEZ/SVZ from two patients. 

Clonal Expansion of Nestin-Positive Cells 

Nestin-positive cells isolated from the adult human 
brains were expanded by daily addition of EGF and 
bFGF in serum-free medium (see Methods). These cells 



grew as neurospheres and were expanded for a week or 
more in culture. A continuous supply of mitogens (EGF 
and bFGF) was important to repress differentiation 
and maintain a homogeneous population of self-renew- 
ing nestin-positive cells. As described below, upon mi- 
togen withdrawal putative neuronal and glial lineages 
could be differentiated from these cells. In order to 
determine if the nestin-positive cells were generated by 
separate committed precursors or by a common multi- 
potential precursor cell, a single cell clonal expansion 
method was used prior to mitogen withdrawal. Using 
the limiting dilution method (see Methods), individual 
dissaciated cells (Fig. ICl) from a sphere of nestin- 
positive cells were plated in a 96-well culture dish. An 
example of reestablishment of a neurosphere of nestin- 
positive cells from an individual cell is shown in Fig. 
IC. Note the cellular proliferation in Figs. 101-105 
over 4 weeks in culture. Figure ID shows that these 
cells were indeed nestin positive after expansion. All 
expanded colonies displayed similar properties, thus 
indicating the clonal nature of the cells. Oontinued 
proliferation was observed for over 8 months in vitro in 
the presence of mitogen, and subclones could be estab- 
lished from these clonal cell lines allowing further ex- 
pansion of the cells by repeating the limiting dilution 
method. 

Characterization of the Human Precursor Cells 
Following Withdrawal of Mitogens in Culture 

While the purpose of this study was not to study in 
detail lineage of the precursor cells but to study their 
fate when transplanted into a demyelinated region in 
vivo, we carried out some phenotypic characterizations 
to define our precursor cell population. To examine the 
multipotentiality of clones, expanded spheres of the 
nestin-positive clonal cells were dissociated and plated 
on polyethyleneimine-coated coversUps and main- 
tained in culture in the absence of mitogen. At least 
""three morphologically distinct cell types were observed 
from a dissociated neurosphere of clonally expanded 
cells (Figs. 2A-20). The antigenic and morphological 
features of these cells were similar to those of rat stem 
cell cultures described in detail elsewhere (26). The 
three most common morphologies of cells were rela- 
tively small fusiform cells typically with two or three 
neurites (Fig. 2A), a larger multipolar cell (Fig. 2B), 
and a small spherical multipolar cell (Fig. 20). Oells 
showing these morphologies stained positively for 
MAP-2, GFAP, and GalC, respectively (Figs. 2A-2C, 
right panels; different cells from the left panels), thus 
suggesting neuron-, astroc5de-, and oligodendrocyte- 
like differentiation. 

The relative distribution of these cell t3^es with var- 
ious markers for neurons and glia is shown in Fig. 3. 
Note that the largest proportions of cells stained with 
MAP-2, TUJ-1, NSE, GFAP, and Vim. A2B5-labeled 
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cells were very limited. A very small proportion of cells 
were labeled by GalC and SlOO; 04 and PO staining 
was virtually absent. This pattern of staining was sim- 
ilar from clone to clone. In a limited number of exper- 
lents dual immunolabeling was carried out to di- 
. :ctly show multiple cell lineage derived from a clonal 
cell (data not shown); i.e., some cells stained positive 
for MAP-2 and TUJ-1 suggesting neuronal elements 
while others in the field were negative for those mark- 
ers but positive for GFAP. We are careful with this 
level of analysis not to define these cells as being fully 
committed to neurons or astrocytes, but rather that 
upon mitogen withdrawal in culture that they differ- 

ntiate in a pattern consistent with these phenotjrpes. 

.iiese results are in agreement with other studies 
showing a relatively large number of neuron-like and 
astrocyte-like cells differentiating from neural precur- 
sor cells in culture after mitogen withdrawal, and a 
paucity of oligodendrocytes and Schwann cells (26, 27). 

Transplantation of Neural Precursor Cells into a 
Glial-Free Spinal Cord Tract 

The dorsal columns of the lumbar spinal cords were 
X-irradiated and subsequently injected with a nuclear 
chelator, ethidium bromide, to kill glial cells and to 
inhibit mitosis of endogenous glial cells (EB-X model; 
see Methods). The lesion induced by this procedure is 
characterized by virtually complete loss of endogenous 
glial elements (astrocytes and oligodendrocytes) with 
preservation of axons, i.e., a demyelinated lesion with 
no glia. The lesion occupies the entire dorsoventral 
extent of the dorsal columns for 5-7 mm longitudinally 
(5, 22, 23). No endogenous invasion of Schwann cells, 
oligodendrocytes, or astrocytes occurs before 6 to 8 
weeks at which time these cells begin to invade the 
lesion from its peripheral borders. Thus, a demyeli- 
nated and glial-free environment in vivo is present for 
at least 6 weeks. '^•v 

Myelinated axons in the normal dorsal columns are 
shown in the photomicrograph in Fig. 4A. After induc- 
tion of an EB-X lesion virtually all of the axons are 
demyelinated, and astrocytes and oligodendrocytes are 
killed providing an aglial environment with preserved 
demyelinated axons and macrophages with cellular de- 
bris (Fig. 4B). Three weeks after injection of clonal 
human neural precursor cells into the central region of 
the lesion in immunosuppressed rats (cyclosporin A; 
see Methods), there was extensive remyelination of the 
axons (Figs. 4C and 4D). Remyelination was observed 
across the entire coronal dimension of the dorsal col- 
umns and considerably throughout the anteroposterior 
extent of the lesion. While it is well established that no 
endogenous remyelination by oligodendrocytes or 
Schwann cells occurs in this lesion model for at least 6 
weeks (5), some donor cells were transfected with the 



reporter gene LacZ and X-Gal-positive cells were ob- 
served forming myelin (Fig. 4E). 

The anatomical pattern of myelination was similar 
to that produced by Schwann cells, i.e., large cytoplas- 
mic and nuclear regions surrounding the remyelinated 
axons (Fig. 4D, arrows). Immunoreactivity for the pe- 
ripheral myelin-specific protein, PO, was observed in 
the myelin of the transplanted regions further indicat- 
ing that Schwann cells were differentiated in vivo from 
the neural precursor cells (Fig. 4F). Electron micro- 
scopic examination of the remyelinated axons reveals 
ultrastructural features of peripheral myelin (Fig. 5A). 
The axons were ensheathed by relatively thick myelin 
surrounded by large cytoplasmic and nuclear regions 
characteristic of Schwann cell myelination (4, 22). Nor- 
mal and demyelinated dorsal column axons are shown 
in Figs. 5B and 5C, respectively, for comparison. More- 
over, a basement membrane, which is not observed 
around axons myelinated by oligodendrocytes, was ob- 
served around the inyelin-forming cells after neural 
precursor cell transplantation (Fig. 5A, arrowheads). 
The morphological features and presence of PO immu- 
noreactivity indicate that the CNS-derived precursor 
cells differentiate in vivo into a cell with peripheral 
Schwann cell characteristics. 

Restoration of Normal Conduction Velocity in the 
Remyelinated Axons 

Spinal cords from control, demyelinated, and trans- 
planted rats were removed and maintained in an in 
vitro recording chamber (see Methods). The dorsal col- 
umns were stimulated on the surface with bipolar elec- 
trodes and glass microelectrodes were used to record 
field potentials at various points through the lesion 
area (Fig. 6A). The recordings in Fig. 6B are superim- 
posed traces of compound action potentials recorded 1 
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FIG. 3. Clones were differentiated in culture for 10 days in the 
absence of EGF and bFGF. Phenotypic analysis indicated a large 
proportion of cells expressing MAP-2, TUJ-1, NSE, GFAP, and Vim 
and a lesser proportion expressing GalC, A2B5, and S-100. Little 
expression of t, NF, 04, and PO was observed. This suggests that 
these immature cells had characteristics of neuron and astrocytes 
and to a lesser extent immature oligodendroctyes and Schwann cells. 
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FIG. 4. Remyelination of the rat spinal cord following transplantation of adult human precursor cells. Normal (A), demyelinated (B), and 
remyeUnated axons (C) of the dorsal column. (D) Remyelinated axons at higher magnification. The anatomical pattern of myeUnation was similar 
to that produced by Schwann cells (arrows). (E) The human cells in the rat EB-X lesions were visualized by )3-galactosidase reaction products (blue). 
Note that the transplanted human cells are markedly labeled in vivo at the light microscopic level. (F) Antigenic phenotype of remyelinating cells 
in the lesions are PO positive (peroxidase reaction, brown), and their nuclei are counterstained with hematoxylin (blue). PO immunostaining 
demonstrates many Schwann-cell-like remyehnation throughout the lesion (bar, A-C, 25 Mm; D, 10 /xm; E, 1 /tm; F, 7 ^im). 



mm apart from control (Fig. 6B1), demyelinated (Fig. 
6B2), and transplanted (Fig. 6B3) dorsal columns. The 
latencies of the responses in the demyelinated dorsal 
column (Fig. 6B2) are substantially delayed compared 
to controls (Fig. 6B1). However, following human neu- 
ral precursor cell transplantation (Fig. 6B3) which led 
to extensive remyelination, the latencies are similar to 
controls. Conduction velocities were calculated for the 
three groups and are shown in Fig. 6C, indicating the 
restoration of conduction velocity in the transplanted 
group. 

DISCUSSION 

In this study we demonstrate that clonally expanded 
multipotential neural progenitor cells from the adult 
human brain can form functional Schwann cell-like 
myelin when transplanted into the demyelinated rat 



""spinal cord. These progenitor cells expressed nestin 
and were self-renewing in culture until induced to dif- 
ferentiate by removing mitogens from the culture. An- 
tigenic analysis after mitogen removal in culture re- 
vealed the differentiation into both neuron- and glia- 
like cells. In general, neurons, astrocytes, and a low 
number of oligodendrocytes and Schwann cells were 
present in the mitogen-free cultures. Following trans- 
plantation into the demyelinated rat spinal cord, how- 
ever, the vast majority of cells differentiated into a 
peripheral-type of myelin-forming cell which produced 
functional myelin. 

Clonal Expansion of Multipotential Adult Human 
Neural Precursor Cells 

Both proliferation and differentiation of the clonal 
multipotential neural precursors derived from the 
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FIG. 5. All demyelinated spinal cords that received adult human 
precursor cell injections showed clear evidence of remyelination (A) of 
the demyelinated axons in electron micrographs. Examination at 
higher magnification showed the presence of a basal lamina surroimd- 
ing the fibers (arrowheads). The large cytoplasmic and nuclear regions 
of the cell and the presence of a basal lamina indicate a peripheral 
pattern of myelination. Normal (B) and demyelinated (C) axons in the 
dorsal columns at the electron microscopic level. Bar, 1 /im. 



adult brain could be controlled relatively efficiently. 
Several lines of evidence indicate that the cells in the 
clones are composed of a common multipotential cell 
rather than separate committed precursors. First, the 
proportion of neurons generated is independent of pas- 
sage number, suggesting that the cellular properties 
are constant as the clones expand. This stability is 
supported by the unchanged differentiation capacity in 
clones of acutely dissociated cells and in subclones. 
Second, subcloning experiments demonstrate that 
multipotential secondary clones can be derived from a 
single primary clone, again showing the multipotenti- 
ality of single clonal cells. Asymmetric cell division 
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may still be an important mechanism for cell-type spec- 
ification in vivo (H). However, a strict asymmetric 
model, in which only one of the daughter cells main- 
tains multipotentiality, cannot account for the expo- 
nential increase in the neural precursor cells seen in 
our cultures. 

Differentiation of Neural Precursor Cells into 
Morphologically Defined Schwann-like Cells 

In the normal CNS axons with oligodendrocyte-asso- 
ciated myelination do not have large nuclear and cyto- 
plasmic surrounds, nor do they have an associated 
basement membrane. Rather, the cell bodies of the 
oligodendrocyte are relatively small and remote from 
the site of axonal myelination. However, following 
transplantation of the clonal neural precursor cells into 
a demyelinated and aglial region of the spinal cord in 
vivo, extensive differentiation into myelin-forming 
cells with morphological and phenotypical characteris- 
tics of Schwann cells was observed. These cells exhib- 
ited the hallmark characteristics of peripheral myelin- 
forming cells, large nuclear and cj^toplasmic regions 
surrounding the axons which in turn were covered by a 
basement membrane (3), and immunohistochemical 
analysis demonstrated that most of them were PO pos- 
itive. Keirstead et aL (28) recently demonstrated that 
neural precursor cells derived from the neonatal rat 
brain and immunoselected for glial commitment can 
produce PO-positive myelin-forming cells in vivo. We 
cannot rule out the possibility that some neuronal or 
glial differentiation occurred, because we observed a 
few NSE-positive or GFAP-positive cells in the EB-X 
lesion. Moreover, some of the myelinated profiles were 
more characteristic of oligodendroc3d;e myelination. 
Future quantitative immunohistochemical studies on 
these tissues will be important to more fully character- 
ize the phenotypes of the myelin-forming cells after 
transplantation. However, the abundance of cells with 
distinct morphological and immunohistochemical fea- 
tures characteristic of peripheral myelin-forming cells 
(large nuclear and cytoplasmic regions around the ax- 
ons surrounded by a basement membrane and their PO 
positivity) clearly indicate that the transplanted pre- 
cursor cells differentiated into a peripheral pattern of 
myelin-forming cells. 

It is well established that peripherally derived 
Schwann cells can myelinate the spinal cord which is 
normally myelinated by oligodendroc3rtes (4, 14). Given 
that endogenous remyelination by Schwann cells can 
occur in the spinal cord in certain circumstances, it was 
important to ascertain that the myelin-forming cells 
were derived from the donor source and not from en- 
dogenous invasion of Schwann cells from the periph- 
ery. To address this issue we used a model system that 
prevents endogenous invasion of peripheral Schwann 
cells for 6 to 8 weeks; we studied the cells about 3 
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FIG. 6. (A) Schematic showing the dorsal surface of spinal cord with the positions of the stimulating (S) and recording (R) electrodes. 
Shaded region indicates the area of demyelination or remyelination. (B) Compound action potentials recorded at 1-mm increments along the 
dorsal columns in control (1), EB-X demyelinated (2), and transplant-induced remyelinated (3) axons. (C) Conduction velocity for the three 
groups (n = 5, each group) of axons recorded at 26'*C. Bars, SEM. 



weeks after transplantation which is well within the 
time window where no endogenous myelination occurs 
(4). The model utilizes X-irradiation to block host cell 
division followed by injections of ethidium bromide to 
chelate nucleic acids and kill the glial cells within the 
lesion zone. Moreover, in a limited number of experi-. . 
ments we transplanted LacZ-transfected donor progen- 
itor cells and found X-Gal reactivity in cells exhibiting 
a peripheral myelination pattern. The extensive differ- 
entiation of neural precursor cells into Schwann cell- 
like cells in our studies is not likely the result of 
Schwann cell contamination in our cultures. The cells 
were derived from single cell clones showing homoge- 
nous properties and the capacity to differentiate into 
either neurons or glia. 

Kalyani et ai (27) suggest that appropriate manip- 
ulation of culture conditions (45, 51) could promote 
embryonic neuroepithelial cell differentiation into 
more restricted CNS and PNS neural precursor cells. 
Indeed, embryonic neuroepithelial cells derived from 
the spinal cord have been reported to give rise to PNS 
elements and to other cell types in the body including 
skin melanocytes (24, 31, 41). More recently, Mujtaba 
et aL (40) provide evidence for a common neural pro- 



genitor cell derived from the embryonic spinal cord for 
the CNS and the PNS. Our results suggest that such a 
multipotential precursor may also be present in the 
adult human brain and that transplantation of these 
cells into the appropriate pathological environment of 
the adult CNS can allow Schwann cell differentiation 
and fimctional remyelination in vivo. 

Why Do Neural Precursor Cells Derived from Adult 
Brain Differentiate into Schwann-like Cells 
in CNS in Vivo? 

The Schwann cell differentiation in vivo may be the 
result of both the intrinsic capacity of the progenitor 
cells and the cellular and extracellular milieu of the 
transplant zone. In the EB-X lesion it is important to 
note that not only does this model lead to long-lasting 
demyelination, but all cellular elements inclusive of 
astrocytes and oligodendrocytes are killed within the 
lesion thus rendering the white matter tract agliotic 
and enriched in axons. The dominant cellular elements 
in the lesion are naked axons and macrophage-like 
scavenger cells in the glial-free environment. A large 
body of work indicates that axon-associated signals 
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may be important in aspects of Schwann cell differen- 
tiation (12, 43, 55). The development and maintenance 
of cell types are dependent upon and influenced by a 
number of intrinsic genetic factors as well as environ- 
n ontal signals (6, 47, 49, 54). Such signals may be 
.,,ovided by cell-to-cell contact, electrical stimulation, 
or the secretion of neurotransmitters and neurotrophic 
factors (9). 

It should also be pointed out that interleukins re- 
leased from macrophages have been implicated in 
Schwann cell differentiation following peripheral 
nerve injury (21, 32). It is conceivable that cytokines 
released from microglia or macrophages in the lesion 
rite could contribute to the massive Schwann cell dif- 

-,rentiation following neural precursor cell transplan- 
tation. It is possible then that the neural precursor 
cells derived from the adult human brain and trans- 
planted into an axon-enriched environment in vivo in 
the absence of potential trophic influences from sur- 
rounding glia and neurons biases the differentiation of 
the neural precursor cells to a more restricted PNS 
lineage. It is important to note that EGF-responsive 
neural stem cells derived from fetal rodents formed an 

oligodendrocyte pattern of remyelination in myelin- 
deficient rats (20). This may result from differences in 
fetal and adult sources of the cells or a species differ- 
ence. Another possibility is that the myelin-deficient 
rat, which has an abundance of astroc3^es around the 
amyelinated axons, could provide a trophic influence 
for the differentiation of oligodendrocytes. It is not 
clear what the differences are between known totipo- 
tential stem cells derived from embryos and less de- 
fined progenitor cells derived from adult subependy- 
mal zone. It will be interesting to determine if embry- 
onically derived stem cells form peripheral or central 
patterned myelin when transplanted into the adult 
demyelinated CNS. 

Potential of Neural Precursor Cells to Repair the 
Damaged CNS 

Neurons are not generated in large numbers in the 
adult mammalian CNS with the exception of the olfac- 
tory bulb (1, 34, 36) and the hippocampal formation (2, 
7). Moreover, Gould et al (18) have made the intrigu- 
ing observation that learning can enhance neurogen- 
esis in the adult hippocampus, possibly by differentia- 
tion of precursor cells. Cultured precursors derived 
from adult mice have been shown to differentiate into 
neurons and glia, but little is known about the mech- 
anisms that regulate the differentiation of these cells 
(19). Both the clonal analysis and the response to 
growth factors reported here show that neural precur- 
sor cells derived from the adult human CNS have some 
properties that are similar to stem cells derived from 
embryonic neuroepithelium. Further delineation of 
similarities and differences between embryonic and 



adult precursor cells is certainly important. While both 
share some similarities it is not clear that adult-de- 
rived cells are totipotent as are true stem cells derived 
from embryos, thus indicating the importance of inves- 
tigations of both embryonic and adult brain-derived 
precursor cells. 

While oligodendrocytes are the cells that normally 
myelinate CNS axons, peripheral myelin-forming cells 
such as Schwann cells (4, 22) and olfactory ensheath- 
ing cells (15, 23) can myelinate CNS axons in vivo and 
restore near normal conduction properties (22, 23). 
Peripheral myelin-forming cells may have the advan- 
tage if used as a cell therapy in multiple sclerosis (MS) 
patients of not having the antigenic properties of oli- 
godendroc3^es which elicit an immune response in MS 
patients (22). Harvesting sufficient numbers of 
Schwann cells from peripheral nerve biopsy and cell 
expansion is problematic. However, the development of 
human clonal neural precursor cells derived from ei- 
ther embryonic or adult CNS may allow for an abun- 
dant source of myelin-forming cells. Zhang et aL (56) 
have demonstrated that fetal neural stem cells can be 
treated to establish self-renewing pre-02-A progeni- 
tors which form extensive oligodendrocyte myelination 
when transplanted into the myelin-deficient neonatal 
rat. Recently, Brustle et al. (6) have demonstrated that 
human embryonic stem-cell-derived glial precursors 
can be used as a source of myelinating transplants. 
Advances in the cell biology of progenitor cells derived 
from embryonic, fetal, or adult CNS open the prospect 
of developing cell lines as a potential source of a cell 
therapy for demyelinating diseases. 
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Traditionally, retinal impairments by neuronal death or 
axonal severance have been considered incurable in humans 
and adult experimental mammals because the central 
nervous system (CNS) of adult mammals does not have a 
regenerative capacity. Although a number of attempts to 
repair damaged retinas using grafts of retinal tissue have 
been reported [3,5,6,11,14], they have encountered senous 
problems such as limited incorporation of grafted cells mto 
the host retina and difficulty in supplying enough donor cells 
as has been already discussed [2,4,7,9,17,18,20]. Thus, the 
transplantation of retinal tissue is not promising as a ther- 
apeutic strategy for the treatment of retinal impairments 
from neuronal death at present. 

The recent advances in the field of neural stem cells have 
brought great expectation that severe CNS damages can be 
repaired by using stem/progenitor cells [4,7,13,17]. It has 
been shown that transplanted neural progenitor cells, even 
heterotypical, can integrate with the host brain tissue and 
differentiate into appropriate neurons [15]. For the retma, an 
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earlier study demonstrated that transplanted adult rat hippo- 
campus-derived neural stem cells (AHSCs) can be inte- 
grated into the host retina in normal neonatal rats [18]. 
Later studies showed that AHSCs were integrated into the 
host retina even in mature rats in genetically-degenerated 
retinas [20] and in mechanically-injured retinas [9]. These 
results have encouraged the development of novel therapies 
for treating retinal impairments using neural stem cells. 

The in vivo retinal ischemia-reperfusion model is a stan- 
dard experimental model that has been used to investigate 
the damage of the retina induced by transient ischemia. By 
inducing transient ischemia with high intraocular pressure, 
this model can avoid direct mechanical injury to the retina 
and optic nerve, and provide high reproducibility [1,12,19]_ 
We transplanted AHSCs into eyes that had been damaged 
by ischemia-reperfusion. This report is the first study to 
perform neural stem cell transplantation into eyes with 
acquired retinal disease besides mechanical injury. 

The preparation of AHSCs has been described in detail 
[10,18]. In brief, hippocampal progenitor cultures wae 
prepared from the hippocampus of adult Fisher rats. The 
dissociated cells were cultured on polyomithine/laminin- 
coated dishes using a mixture of Dulbecco's modified 
Eagle's medium (DMEND/Ham's F12 (1:1) supplemented 
with N2 (Gibco) and 20 ng/ml of recombinant human basic 

Ltd. All rights reserved. 
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Fig. 1 . Light microscopic photographs of host retinas demonstrating the transplanted AHSCs stained dark blue for p-Gal. In retinas with 
ischemia-reperfusion insult (a-d), prominent cell losses occurred primarily in the ganglion cell layers and inner nuclear layers as 
compared with the retina without the insult (e). (a) At 1 week after transplantation, the intravitreally injected AHSCs can be seen in 
the ganglion cell layer, (b) At 2 weeks after transplantation, the grafted AHSCs are seen in the inner nuclear layer, (c, d) At 8 weeks, the 
transplanted cells can be seen in various layers of the inner retina, and some of them seem to be process-bearing cells (c). (e) A control 
retina 2 weeks after transplantation with no ischemic insult. Intravitreally injected AHSCs are not present in the host retina. INL, inner 
nuclear layer. ONL, outer nuclear layer. Scale bars represent 50 ^.m. 



fibroblast growth factor (bFGF) (Genzyme). Isolated stem 
ceils were genetically marked with (i-galactosidase 0-Gal) 
and cloned. The PZ5 clone, previously characterized exten- 
sively [10], was used. The cultured and harvested cells were 
washed with DMEM/Ham's F12 and suspended at a density 
of 100,000 cells/jjLl in DMEM/Ham's F12 for transplanta- 
tion. 

Adult (8-12 week old) Fisher rats were anesthetized with 
an intraperitoneal injection of pentobarbital (60 mg/kg), and 
the pupils were dilated with topical 0.5% phenylephrine 
hydrochloride and 0.5% tropicamide in order to monitor" 
the ocular fundi. Transient retinal ischemia was induced 
by raising the intraocular pressure to 1 10 mmHg for 60 
min (see Ref. [12]). Immediately after beginning the reper- 
fusion, the AHSCs were injected into the vitreous cavity of 
the treated eyes under trans-pupillary observation using a 



a b 




binocular surgical microscope. The injection was made with 
a 10-|jl1 Hamilton microsyringe with a 30-gauge beveled 
needle. A total of 500 000 cells in 5 ^jlI of DMEM/Ham's 
F12 were injected. For control, the cells were also injected 
into eyes with no ischemic insult. 

The rats were sacrificed 1, 2, 4, and 8 weeks after the 
transplantation (// = 4 for the ischemic group and n = 3 for 
the control group at each time point), and the eyes were 
processed for histochemical studies. 

In situ staining of grafted cells for 3-Gal: all of the 
enucleated eyes except the two described below were 
^xed in 2% paraformaldehyde, 0. 1 % glutaraldehyde, 
0.02% NP-40, and 0.01% deoxycholate in PBS. After I h, 
the anterior segments were removed, and the P-Gal staining 
was done by placing the eye cups in a solution of 2.5 mM X- 
Gal, 5 mM potassium ferricyanate, 5 mM potassium ferro- 
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Fig. 2. Confocal images of the retina 4 weeks after AHSCs transplantation with ischemic insult, (a) Anti-Map2ab immunoreactivity. (b) 
Anti-p-Gal immunoreactivity. (c) The merged image of anti-Map2ab and anti-p-Gal immunoreactivity, showing the grafted AHSCs 
differentiate into mature neurons. INL, Inner nuclear layer. ONU outer nuclear layer. Scale bar represent 50 jim. 
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cyanate, 2 mM MgCl2 in PBS [16] at room temperature 
overnight. The stained tissue was washed with PBS and 
soaked in PBS containing 25% sucrose for cryoprotection. 
Ten-micrometer sections were cut on a cryostat and exam- 
ined with a light microscope. 

Immunostaining: two eyes of two animals sacrificed 4 
weeks after ischemic insult were fixed in 4% paraformalde- 
hyde, cryoprotected, and sectioned at 10 fim on a cryostat. 
Double immunostaining was performed on these sections. 
The sections were processed for anti-^-Gal (1:500, 
Promega) and anti-Map2ab (1:500, Sigma), and followed 
by reaction with FITC-conjugated secondary antibody 
(1:100, DAKO) to anti-fi-Gal and rhodamine-conjugated 
antibody (1:100, DAKO) to anti-Map2ab. Confocal micro- 
scopy was used to study these sections. 

In every treated eye, transplanted cells were readily iden- 
tified by the transgenic P-Gal marker. In the eyes that under- 
went ischemia-reperfusion insult, prominent cell loss were 
observed primarily in the ganglion cell layer and inner 
nuclear layer (Fig. 1). The changes were typical of the find- 
ings in ischemia-reperfusion insult described earlier [12]. 

In eyes with the ischemia insult, the intravitreally- 
injected AHSCs invaded the retinal ganglion cell layer by 
1 week after the transplantation (Fig. la) and were identified 
in the retinal inner nuclear layer 2 weeks after the transplan- 
tation (Fig, lb). At 4 weeks, the donor cells were integrated 
into the host retina and expressed Map2ab (Fig. 2) which 
indicated that the AHSCs had differentiated into mature 
neurons. At 8 weeks after the transplantation, the trans- 
planted cells were integrated into the different layers of 
the inner retina (Fig. lc,d) and appeared as process-bearing 
cells (Fig. Ic). A number of transplanted cells were detected 
within the vitreous cavity but the number decreased with 
increasing postinjection times (Fig, 1). 

In the control animals without ischemic insult, AHSCs 
did not invade the host retina (Fig. le). Although many of 
the transplanted cells were observed to survive in the vitr- 
eous cavity at 2 weeks after transplantation,, the numbers 
decreased at 4 weeks and were mostly gone at 8 weeks after 
the transplantation (data not shown). 

These results demonstrated that intravitreally-injected 
AHSCs migrated and integrated into the host retinas of 
adult rats that had undergone ischemic insult while none 
of the cells migrated into the retina without ischemic insult. 
In the host retinas, many cells in the ganglion cell layer and 
inner nuclear layer were lost after the ischemic insult. The 
transplanted AHSCs migrated primarily into these layers 
and differentiated into mature neurons replacing some of 
the lost cells. 

The observation that AHSCs did not enter the host retina 
in the control adult rats agrees with previous findings [18]. 
The question then arises as to why retinas damaged by 
ischemia will accept the migration and integration of trans- 
planted neural stem cells while normal adult retinas will not. 
First, it is likely that some types of trophic factors or cyto- 
kines that promote survival, migration, and neuronal differ- 



entiation of the transplanted stem cells are produced in the 
retina that had been injured by ischemia. It has already been 
reported that bFGF, which is known to be important for 
survival of AHSCs [10], is up-regulated in retinas after 
transient ischemic insult [8]. In addition to bFGF, other 
factors were probably up-regulated in the ischemic retina 
to stimulate migration and neural differentiation of the 
grafted cells. 

Secondly, it is highly likely that serous components enter 
the retina because the blood-retina barrier is broken by the 
ischemic insult [19]. Such serous components, as well as 
intrinsically expressed factors, can promote survival, migra- 
tion, and neuronal differentiation of the transplanted 
AHSCs. In the control animals, it is likely that the absence 
of such factors prevented the integration of the grafted cells 
into the host retina, and was probably the cause for the 
decrease of surviving AHSCs in the vitreous after the trans- 
plantation. 

Another factor that might promote the migration of the 
transplanted cells is a disruption of the retinal internal limit- 
ing membrane. The retinal internal limiting membrane can 
be a barrier to cell invasion under normal conditions, but it 
could be interrupted by the ischemia. In the present study, 
we suggest that disruptions of the retinal internal limiting 
membrane by ischemia allowed the AHSCs to enter the 
retina. 

This experimental model of retinal injury by transient 
retinal ischemia induced by raising the intraocular pressure 
can be considered comparable to an acute glaucomatous 
attack, a central retinal artery occlusion, or an ischemic 
optic neuropathy. In these diseases, it has been generally 
believed that it is not possible to repopulate the lost retinal 
cells and repair the retinal injury. The present results have 
shown that intravitreally injected AHSCs can partly repo- 
pulate the lost host cells and differentiate into a neuronal 
lineage. However, it still is not known whether the trans- 
planted cells can establish a functional network with host 
neural circuitry and acquire proper functions as retinal 
neurons. Nevertheless, our results suggest that neuronal 
stem cells are good candidates to reconstruct the neural 
circuitry of ischemic-injured retina, and show the potenti- 
ality of therapeutic transplantation using neuronal stem cell 
on retinal impairments that are generally regarded as incur- 
able. 
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Incorporation and Differentiation of Hippocampus- 
Derived Neural Stem Cells Transplanted in Injured 
Adult Rat Retina 

Akihiro Nishida,^'^ Masayo TakahashC Hidenobu Tanihara,^ Ichiro Nakano,^ 
Jun B, Takahashi,^ Akira Mizoguchi,^ Chizuka Ide^ and Yoshihito Honda^ 

Purpose. In a previous study it has been shown that adult rat hippocampus-derived neural stem ceUs 
can be successfuUy transplanted into neonatal retinas, where they differentiate into neurons and 
gUa, but they cannot be transplanted into adult retinas. In the current study, the effect of 
mechanical injury to the adult retina on the survival and differentiation of the grafted hippocampal 
stem cells was determined. 

Methods. Mechanical injury was induced in the adult rat retina by a hooked needle. A cell 
suspension (containing 90,000 neural stem cells) was slowly injected into the vitreous space. The 
specimens were processed for immunohistochemical studies at 1, 2, and 4 weeks after the 
transplantation. 

Results. In the best case, incorporation of grafted stem cells was seen in 50% of the injured retinas. 
Most of these cells located from the ganglion ceU layer through the inner nuclear layer close to the 
injury site, hnmunohistochemicaUy, at 1 week, more than half of the grafted ceUs expressed nestin. 
At 4 weeks, some grafted cells showed immunoreactivity for microtubule-associated protein (MAP) 
2ab. MAP5,'and glial fibrillary acidic protein (GFAP), suggesting progress in differentiation into ceUs 
of neuronal and astrogUal lineages. However, they showed no immunoreactivity for HPC-1, calbin- 
din, and rhodopsin, which suggests that they did not differentiate into mature retinal neurons. 
Immunoelectron microscopy revealed the formation of synapse-like structures between graft and 
host cells. 

Conclusions. By the manipulation of mechanical injury, the incorporation and subsequent differ- 
entiation of the grafted stem cells into neuronal and glial lineage, including the formation of 
synapse-like structures, can be achieved, even in the adult rat retina. (Jnvest Ophthalmol Vis Set 
2000;41:4268-4274) 



Since the mid-1990s, it has been possible to isolate neural 
stem or progenitor cells from various parts of the central 
nervous system (CNS), such as the hippocampus, subven- 
tricular zone, spinal cord, and ependyma.'"'' In general, these 
cells can expand in serum-free medium and proliferate in 
response to growth factors such as epidermal growth factor 
(EGF) or basic fibroblast growth factor (bFGF). From avclinical 
point of view, they have some potential advantages for retihal 
transplantation compared with embryonic or newborn retinal 
cells. First, they can be expanded through numerous passages 
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in vitro and frozen for storage. Second, they can be easily 
manipulated, such as by pretreatment with growth factors or 
gene transduction, before they are transplanted. 

Adult rat hippocampusKlerived neural stem cells, first iso- 
lated by Pakner et al.', are one of the few cell lines that have 
been shown by clonal analysis to have multipotency and self- 
renewability. In a previous study of ours, we found that the 
hippocampal stem cells could be successfully transplanted and 
integrated into the neonatal rat retina but that when they were 
transplanted into adult eyes, they aggregated on the surface but 
never migrated into the retina.^ 

In this study, for the purpose of assessing the possibility 
and limitations of the use of brain-derived neural stem cells for 
retinal transplantation, we mvestigated whether these hip- 
pocampal stem cells could migrate and become incorporated 
into mechanically injured adult rat retinas. 

Materials and Methods 

Preparation of Cells for Grafting 

LacZ-labeled clonal adult rat hippocampus-derived neural stem 
cells (clone PZ5, kindly provided by Fred H. Gage, Salk Insti- 
tute, La JoUa, CA) were used in this study. They were cultured 
on laminin/poly-L-omithine- coated dishes containing Dulbec- 
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go's modified Eagles medium-Ham's F12 (DMEM-F12; Gibco, 
Rockville. MD) supplemented with N2 (Gibco) and 20 ng/ml 
bFGF (Genz>^me, Cambridge, MA), and incubated at 37°C in a 
humidified atmosphere of 5% CO2 in air. After having been 
subcultured for 2 weeks to 3 months, they were harvested for 
grafting with 0.05% trypsin in DMEM-F12, washed with 0.01% 
trypsin inhibitor (Wako, Osaka, Japan) in DMEM-F12, and sus- 
pended at a density of 30,000 cells/)xl in high-glucose Dulbec- 
co's phosphate-buffered saline (D-PBS, Gibco) containing 20 
ng/ml bFGF. 

Animal Preparation and Grafting Procedure 

Eight-week-old male Fischer rats (n = 30) were obtained from 
Shimizu Laboratory Supplies (Kyoto, Japan). All experiments 
were conducted in accordance with the ARVO Statement for 
the Use of Animals in Ophthalmic and Vision Research. The 
animals were anesthetized with a mixture (1:1) of xylazine 
hydrochloride (4 mg/kg) and ketamine hydrochloride (10 mg/ 
kg) administered intramuscularly. The pupils were dilated with 
0.5% tropicamide and 2.5% phenylephrine eye drops. The 
corneas were anesthetized with drops of 0.4% oxybuprocaine 
hydrochloride. The eyeballs were perforated at the equator 
with a 27-gauge needle. A hooked 30-gauge needle was then 
inserted through the wound, and the retina was injured by 
scratching it parallel to the equator between the retinal vessels 
under direct observation with a surgical microscope equipped 
with a plano-concave contact lens for rats (Kyocon, Kyoto, 
Japan). Special care was taken to injure the whole layer of the 
retina, and success was affirmed by a small amoimt of subreti- 
nal bleeding. After the injury, 3 ixi of the cell suspension 
(containing 90,000 cells) was slowly injected into the intravit- 
real space with a microsyringe fitted with a 30-gauge blunt 
needle (15 rats, 30 eyes). As a control, 3 Ml of the cell suspen- 
sion was injected into the intravitreai space of noninjured eyes 
(15 rats, 30 eyes). The results from five eyes of the control 
group were excluded due to complications of massive vitreous 
hemorrhage. 

Tissue Sectioning 

The animals were anesthetized by inhalation of diethyl .ether 
and fixed by transcardial perfusion with 4% paraformaldefiyde 
(Merck, Darmstadt, Germany) in 0.1 M phosphate buffer (PB) 
1,2, and 4 weeks later. The eyes were enucleated to make 
eyecups. The eyecups were immersed in the same fixative for 
2 hours at 4X and then in 15%, 20%, and 25% sucrose-PBS for 
cryoprotection. They were embedded in optimal cutting tem- 
perature compound (OCT; Miles, Elkhart, IN) after adjustment 
of their horizontal planes parallel to the cutting plane, and 
20-ptm frozen sections were made in a cryostat. Continuous 
sections including the injury site were cut for each eye. 

Immunocytochemistry 

The specimens were washed with 0.1 M PB and then incubated 
with 20% skim milk (Dainihon-Seiyaku, Osaka, Japan) in 0.1 M 
PB containing 0.005% saponin (0.1 M PB-saponin; Merck) for 
10 minutes to block nonspecific antibody binding. They were 
then incubated with primary antibodies diluted in 5% skim 
milk in 0.1 M PB-saponin for 24 hours at 4°C, Antibodies and 
concentrations used in this study were as follows: mouse 
monoclonal anti-j3-galactosidase ()3-gal, 1:1000; Promega, Mad- 
ison, WI), rabbit polyclonal anti-j3-gal (1:5000; Chemicon, Te- 



mecula, CA), mouse monoclonal anti-nestin (1:1000; PharMin- 
gen, San Diego, CA), mouse monoclonal anti-microtubule 
associated protein (MAP) 2ab (1:100; Sigma, St. Louis, MO), 
mouse monoclonal anti-MAP5 (1:1000; Chemicon), rabbit poly- 
clonal anti-glial fibrillary acidic protein (GFAP; 1:1000; Chemi- 
con), rabbit anti-myelin basic protein (MBP; 1:500; UltraClone, 
Wellow, UK), mouse monoclonal anti-HPC-1 (1:1000; Sigma), 
mouse monoclonal anti-calbindin (1:500; Sigma), and rabbit 
anti-rhodopsin (1:1000; LSL, Tokyo, Japan). 

After the reaction with primary antibodies, the specimens 
were washed with 0.1 M PB-saponin and incubated with sec- 
ondary antibodies diluted in 5% skim milk in 0. 1 M PB-saponin 
for 90 minutes. Antibodies and concentrations used in this 
study were as follows: fluorescein isothiocyanate (FlTC>con- 
jugated sheep anti-mouse immunoglobulin (1:100; Amersham, 
Buckinghamshire, UK), FITC-conjugated donkey anti-rabbit im- 
munoglobulin (1:100; Amersham), Cy5-conjugated goat anti- 
mouse IgG (1:200; Amersham), and Cy5<onjugated donkey 
anti-rabbit IgG (1:200; Amersham). 

Sections were then washed with 0.1 M PB, mounted with 
glycerol-PBS (1:1) and observed with a laser-scanning confocal 
microscope (1024; Bio-Rad, Hercules, CA). 

Immunoelectron Microscopy 

Immunoelectron microscopy using the silver-enhancement 
technique was done as described."^ Briefly, after having been 
blocked with 20% skim milk in 0.1 M PB-saponin, the sections 
were incubated with the anti-j3-gal antibody (1:1000; Promega) 
and subsequently with an anti-mouse IgG antibody coupled 
with 1.4-nm gold particles (1:50; Nanoprobes, Stony Brook, 
NY). After the sections had been washed, they were fixed with 
1% glutaraldehyde (Nacalai Tesque, Kyoto, Japan) in 0.1 M PB 
for 10 minutes, and the sample-bound gold particles were then 
silver-enhanced at 20*'C for 12 minutes by use of an HQ-silver 
kit (Nanoprobes). They were again washed and postfixed with 
0.5% osmium oxide (Nacalai Tesque) in 0.1 M PB at pH 7.3. 
dehydrated by passage through a graded series of ethanol (50%, 
60%, 70%, 80%, 90%, 95%, and 100%), and embedded in epoxy 
resin. From these samples, ultrathin sections were cut, stained 
with uranyl acetate and lead citrate, and then observed with an 
electron microscope GEM-1200EX; JEOL, Tokyo, Japan). 

Results 

Incorporation and Distribution of Grafted Cells 

In an attempt to elucidate the efficacy of transplantation of 
hippocampal stem cells into the adult rat retina, we injected 
them into the vitreous space. The stem cells were labeled 
with the LacZ gene retrovirally, so that we could identify 
)3-gaI-immunoreactive cells as the grafted cells. In our pre- 
vious study, we confirmed that ^-gal enzyme leaking from 
damaged or dead grafted cells was not taken up by host 
retinal cells.^ 

First, we compared the incidence of eyes with incorpo- 
rated grafted cells between the injured group and the nonin- 
jured group. In the injured group, 1 week after transplantation, 
)3-gal-immunoreactive cells were incorporated into the host 
retina in 10% of the experimental eyes (1 of 10). At 2 and 4 
weeks, the percentage of eyes with incorporated cells in- 
creased to 50% (5 of 10) and 40% (4 of 10), respectively (Table 
1). In the eyes with incorporated grafted cells, the grafted cells 



4270 Nishlda et al. 

Table 1. Incid ence of Eyes with Incorporated Grafted CeUs 

1 Week 2 Weeks 4 Weeks 



Injured group 
Noninjured group 



1/10 
0/5 



5/10* 
0/10 



4/10* 
0/10 



values are number of eyes with inc<'?'°«'«^ grafted ceU^to^ 
suroicaUy treated eyes. Five rats were used in each experunent The 
r^s^Sm five eyes of the noninjured group at 1 week were excluded 
because of complications of massive vitreous hemorrhage. 

Mncidencem the injured group was ^^^^'I'f';'^'^^^''' 
in the noninjured group (Fisher's exact probability test, P < 0.05). 



were distributed around the site of injury, where GFAP immu- 
noreactivity of the host retina was upregulated (Fig. lA). In 
contrast, no eyes incorporated grafted ceUs in the nonin,i^d 
group at any period after transplantation (Table 1). The grafted 
ceUs were found to have aggregated on the inner surface but 
never to have been incorporated into the host retina of the 
noninjured group (Fig. IB). Statistical analysis by Fisher's exact 
probability test showed a significant difference (P < 0.05) 
between the injured and noninjured groups in the incidence of 
successful incorporation of the grafted cells at both 2 and 4 
weeks after transplantation. 

The pattern of grafted ceU distribution was almost the 
same at aU times after the injection. The grafted cells were 
observed not only at the site of injury where normal retinal 
structure was destroyed, but also in the surrounding area 
where the normal retinal structure was retained. Most of them 
were simated in the inner nuclear layer (INL) witii some in the 
gangUon ceU layer (GCL), where they formed a layer-like smac- 
ture A few grafted ceUs were found on the inner surface of the 
retina and in the outer nuclear layer (ONL). The width of 
distribution of the incorporated grafted ceUs ranged between 
790 am and 1200 urn around the site of injury (dau not 
shown). This width was much greater than that of the actual 
injury in all cases, which was less than 100 ;xm. 

The grafted ceUs adherent to the inner surface of the host 
retina in the injured group were round and had no processes 
whereas most incorporated cells had elongated processes, •aiid 
some of them showed morphologies reminiscem of amacrme 
and bipolar cells (Fig. 2). 
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Immunohlstochemistry on Sections after 
Transplantation 

Immunohistochemical studies were performed on sections 
with incorporated grafted cells in the injured group. The sec- 
tions were double immunostained with anti-p-gal antibody and 
antibodies against specific ceU-type markers. The ceU-type 
markers used were nestin for immature or undifferentiated 
ceUs MAPS for neuronal lineage ceUs, GFAP for astrocytes and 
Miiller cells, MBP for oUgodendrocytes, HPC-1 for amacrme 
ceUs calbindin for horizontal and some amacrine cells, and 
rhodopsin for rod photoreceptor cells. The ratios of double- 
stained cells to j3-gal-positive ceUs were calculated to estimate 
ihe characteristics of the grafted ceUs after transplantation. 

Our preliminary studies showed the presence of nestm 
immunoreactivity in more than 96% of the cultured hippocam- 
pal stem ceUs; however, no immunoreactivity for other specific 
markers of differentiated ceU types, including MAP2ab, MAP5, 
GFAP, MBP, HPC-1, calbindin, and rhodopsin, was detected 
(data not shown). 

Among the grafted cells, nestin-positive ceUs were over 
50% at the end of 1 and 2 weeks after transplantation; how- 
ever they decreased to 36% after 4 weeks (Table 2, Figs. 3A, 
3B 30 MAP5-positive ceUs increased markedly from 1% to 
22% between 1 and 2 weeks, whereas MAP2ab-positive ceUs 
graduaUy increased from 1 to 4 weeks (Table 2, Figs. 3D, 3E, 
3F) As for tiie two gUal markers, GFAP-positive grafted ceUs 
increased from 2% to 10% between 2 and 4 weeks, but MBP- 
positive ceUs were hardly observed from weeks 1 through 4 
(Table 2, Figs. 3G, 3H, 3D. Immunoreactivity for retinal ceU 
markers, HPC-1, calbindin, and rhodopsin was hardly detected 
in the grafted ceUs throughout Uie 4 weeks aable 2, Figs. 3J, 
3K 3L) 

' The immunoreactivity for nestin and GFAP was also ob- 
served in the host Miiller ceUs around the sites of injur>', where 
the grafted ceUs were incorporated into the host retinas (Figs. 
3A, 3B. 3C, 3G, 3H, 31)- 

Immunoelectron Microscopy on Sections at 4 
Weeks after Transplantation 

Immunoelectron microscopy was performed on sections of 
4-week specimens. Grafted ceUs were identified by the pres- 
ence of gold particles indicating immunoreactivity for ^-gal. In 




B 



INL 
ONL 



FlGUKE 1. Double-label immunofluorescence study using antibodies against ^ ff^J "'ia^'S 
ta the injured group (A) and noninjured group (B) 2 weeks after the m,ection. (A) ^'^-P°^''^^^ 

It Jr. obS^e'd primaruy in the GCL and ^^^^/^X^X^^l^^^^^^ 
Exorcssion of GFAP in the host retina was upregulated. (B) ^^Jal-posiuve ceus were lu 

but not Within the host retina. The expression of GFAP was localized in the astrocytes and the 
end feet of the MiiUer ceUs. Scale bar, 100 /im. 
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Figure 2. )3-Ga I -immuno reactive 
grafted cells, which are similar to am- 
acrine (A, arrow) and bipolar (B, ar- 
row) cells, 1 and 4 weeks after transr 
plantation, respectively. Scale bar, 
20 ^m. 



general, the grafted ceUs had heterochromatic nuclei and a 
large number of mitochondria (Figs. 4A, 4B). 

In the imier plexiform layer QVL) and at the imiermost 
part of the INL, grafted ceUs were often found in a group (Fig. 
4A). Some of them were irregular in shape and had pseudo- 
podia that made contact with other grafted ceUs (Fig. 4A), 
which is a characteristic of actively migrating cells. Some other 
grafted ceUs had a relatively round shape and extended their 
processes to make close contact with host ceUs at the inner- 
most part of the INL (Fig. 4B). At a higher magnification, 
symmetrical and asymmetrical membrane thickening, which 
represent puncta adherentia and synaptic junctions, respec- 
tively, were observed between graft and host ceUs (Figs. 4C, 
4D) iiidicating that they formed close contacts with each other. 



Discussion 

Neural stem ceUs are expected to be useftil clinicaUy for re- 
placing damaged neurons or for ex vivo gene therapy.^ In the 
field of brain science, they have been tested on damaged brain 
models^-*** as ceU resources for replacement therapy. Also in 
the field of ophthalmology, it is reported that neural stem ceUs 
could be successfuUy transplanted into damaged retina.' 
Therefore, it is important to assess the application of neural 
stem cells for retinal transplantation therapy. 

This study has shown the ability of hippocampus-derived 
neural stem ceUs to migrate and differentiate in the injured 
retina. However, the limitation of their differentiation into 
authentic retinal neurons was also recognized. 

Pattern of Incorporated Grafted Cells in the 
Host Retina 

The incidence of the eyes with incorporated grafted ceUs 
increased between 1 and 2 weeks but did not change between 
2 and 4 weeks. Some time may be required for the cells that 
have migrated onto the retinal surface to create graft- host 
contacts and to migrate into the host retina. This behavior of 



the grafted ceUs is consistent with the results of our previous 
study.^ 

The grafted cells were located around the injured sites, 
where the expression of nestin and GFAP in the host Miiller 
ceUs was upregulated. The width of the distribution of the 
grafted cells was much greater than that of the injury Oess than 
100 ixm) at any time point evaluated. We therefore speculate 
that the grafted ceUs migrated into the host retina not only 
from the injured site but also from the vitreous surface around 
the injured site where the host Miiller ceUs were activated by 
the injury. This speculation was supported by our other exper- 
iments that hippocampal stem cells can also incorporate into 
chemicaUy damaged retinas (data not shown). It has been 
reported that upregulation of the expression of nestin and 
GFAP in astrocytes or MiiUer ceUs occurred in the CNS includ- 
ing the retina after various types of damage.''*-'^ It also has 
been shown that activated MiiUer ceUs express a number of 
cytokines such as bFGF, ciUary neurotrophic factor (CNTF), 
and transforming growth factor aGF>a,^^-"" It seems reason- 
able that the MuUer cells that were activated by the mechanical 
injury may have played an important role in the migration 
and/or differentiation of the surviving grafted ceUs. 

For the purpose of assessing the effect of retinal injury, we 
chose the vitreous cavity instead of the subretinal space for the 
site of injection of the neural stem cells. Subretinal injection 
itself causes retinal detachment and much damage to the ret- 
ina. 

Differentiation and Integration of the 
Grafted Cells 

The hippocampal stem ceUs used as the grafted ceUs were 
confirmed by immunocytochemistry to be immature cells. Be- 
fore grafting, most of them expressed nestin. However, once 
they were grafted, the number of ceUs expressing nestin de- 
creased. On the contrary, the ceUs expressing MAPs and GFAP 
increased with time, which suggests differentiation of the stem 
cells into cells of the neuronal and astrogUal lineages. Among 
the MAPS, MAP2ab is thought to be a late marker of neuronal 



Table 2. Differentiation Ratio of the Incorporated Grafted CeUs in the Injured Group 

MAP2ab MAP5 GFAP MBP 



1 week 

2 weeks 
4 weeks 



Nestin 

56.4 
55.0 ± 3-2 
35.9 ± 19.0 



3.6 
5.1 ± 3.5 
9.7 ± 0.8 



1.1 

21.9 ± 7.6 
25.1 ± 10.7 



3.4 
2.3 ± 1.5 
9.9 ± 4.7 



0.0 
0.6 ± 0.5 
0.8 ± 1.3 



HPC-1 

1.6 
1.0 ± 1.0 

0.3 ± 0.6 



Calbindin 

0.0 
0.0 i 0.0 
0.5 ± 0.9 . 



Rhodopsin 

0.0 
0.2 ± 0.4 
0.0 ± 0.0 



Values at 2 and 4 weeks are mean ± SD and are the ratio of grafted ceUs double-stained with anti-^-gal. 
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Figure 3. Double-label immunoflu- 
orescence at the end of 1 (A, D, G, 
and J). 2 (B. E, and K), and 4 (C 
F, I, and L) weeks after cell transplan- 
tation. Green\ p-Gal-immunoreac- 
tive cells; red\ nestin- (A, B, and C), 
MAP5- (D, E, and F), GFAP- (G, H, 
and I), and calbindin- K, and L) 
immunoreactive cells; yellow, dou- 
ble-stained cells {arrows). (A, B, and 
C) Nestin-positive grafted cells de- 
creased in number from 1 to 4 weeks 
after transplantation. (D, E, and F) 
MAP5-positive grafted cells increased 
from 1 to 4 weeks after transplanta- 
tion. (G, H, and I) Few GFAP-positive 
grafted cells are observed at 1 and 2 
weeks after transplantation, but tliey 
begin to appear at 4 weeks. (J, K, 
and L) Calbindin-positive grafted 
cells are rarely observed at any time 
after the injection. Scale bar, 20 \im. 



differentiation, because its expression increases as neuronal 
cells mature,^^ whereas the expression of MAP5 is generally 
abundant in neuronal cells at very early developmental stag- 
es.^^ These facts explain why the expression of MAPS in the 
grafted cells increased earlier than that of MAP2ab. GFAP-and 
MBP are markers for astrocytes and oligodendrocytes, respec-" 
lively. The expression of MBP was hardly detected up to 4 
weeks, whereas that of GFAP increased between 2 and 4 
weeks after the grafting. This finding indicates that the hip- 
pocampal stem cells did not differentiate into oligodendrocytes 
but into astrocytes after the grafting, although they differenti- 
ated into both glial lineages in vitro.' It also suggests that the 
specific microenvironment in the retina, where no oligoden- 
drocytes exist, may affect the fate of differentiation of the 
hippocampal stem cells. As for the retinal cell markers, HPC-1, 
calbindin, and rhodopsin, their expression in the grafted cells 
was hardly observed at any time after the grafting, indicating 
the failure of differentiation into retinal neurons even at the 
end of 4 weeks after the grafting. One possible reason for the 
failure is absence of unknown local cues in injured adult retina. 
There may be some unknown factors that are expressed only in 
earlier stages of retinal development and permit the hippocam- 
pal stem cells to differentiate into retinal neurons. Another 
possible explanation is limited plasticity of the hippocampus- 
derived neural stem cells. They may continue to possess the 
characteristics of cells in the hippocampus, from which they 
are derived, even after being transplanted into retinal tissue. 



Immunoelectron microscopic study revealed the exis- 
tence of graft- graft and graft- host contacts. The grafted cells 
formed puncta adhaerentia-like and asymmetrical synapse-like 
structures with the host cells. Not only mechanical contacts 
but also intercellular signaling could be formed between the 
graft and host cells. There are several reports describing graft- 
host synapse formation in the adult CNS in homotopic trans- 
plantation, such as retina to retina,^***^' and also in heterotopic 
transplantation, such as retina to cerebellum.^^ It is still un- 
known whether these synapse-like structures actually function; 
however, the formation of such structures is significant evi- 
dence for integration of the grafted cells into the host retina. 

Deriving Retinal Neurons from Neural Stem Cells 

Further studies are needed to establish the utility of neural 
stem cells for replacement and reconstruction of retinal neu- 
rons. One possibility is retina-derived neural progenitor cells. A 
recent study revealed that embr}'onic retina-derived neural 
progenitor cells can differentiate into photoreceptors in 
vitro.^^ If they maintain the characteristics of retinal cells 
through expansion in vitro, they may differentiate into retina- 
specific neurons after transplantation. Another possibility is 
modification of cellular characteristics of the hippocampus- 
derived neural stem cells for retina-specific differentiation by 
transfection of key molecules such as homeobox genes. ^**'^^ 
Also, pretreatment of the neural stem cells with growth factors 
is a possible means of controlling the cells' fate. In fact, in our 
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Figure 4. Immunoelectron micros- 
copy on sections at 4 weeks after 
transplantation. (A) Grafted ceUs are 
identified by the presence of gold 
particles indicating immuno reactiv- 
ity for p-gal. A gold-labeled grafted 
cell (Gl) in the IPL extended its 
pscudopodia (p) and made contact 
with another grafted ceU (G2). Note 
that the grafted cells contained a 
large number of mitochondria (mt). 
(B) A grafted cell (G) extended its 
process (arrozv) and made close con- 
tact with a host ceU (H) in the inner- 
most part of the INL. (C) A grafted 
cell (G) in the INL formed contacts 
with host cells (H). Both symmetrical 
(arrows) and asymmetrical (arroiv- 
beqO) membrane thickenings were 
observed. (D) An axon terminal of a 
grafted cell (G) labeled with gold par- 
ticles (small arrows) in the IPL con- 
tained synaptic vesicles (arrow- 
heads) and formed a synapse-like 
structure with a host cell (H). 
Postsynaptic density (large arrow) 
was observed in the host cell. Scale 
bar: 1 /im (A. B); 500 nm (C, D). 




previous study, we found that some neurotrophins affect the 
differentiation of the hippocampal stem cells in vitro^*^; how- 
ever, growth factors that can induce neural progenitor cells to 
produce retina-specific neurons have not yet been identified. 

Conclusions 

In conclusion, this study has yielded basic and important in- 
formation regarding the transplantation of adult rat hippocam- 
pus-derived neural stem cells into the adult retina. First, incor- 
poration of the grafted neural stem cells was achieved in 
injured adult retinas. Second, some of the incorporated neural 
stem cells showed differentiation into neuronal lineage and 
formed graft- host contacts such as puncta adhaercntia- and 
synapse-like structures. Third, even after successful transplan- 
tation and differentiation into cells of the neuronal lineage, the 
neural stem cells failed to differentiate into retina-specific phe- 
notypes as shown by expression of HPC-1, calbindin, and 
rhodopsin, possibly because of their basic inability or an ab- 
sence of local cues essential for differentiation into retinal 
neurons. 
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Abstract. In rcccnc years, ic has become evident that the developing and even the adult 
mammalian CNS contain a population of undifferentiated, multipotent cell precursors, 
neural stem cells, the plastic properties of which might be of advantage for the design of 
more effective chcrapics for many neurological diseases. This amcle reviews the recent 
progress in establishing rodent and human clonal neural stem cell lines, their biological 
properties, and how these cells can be utilized to correct a variety of defects, with 
prospects for the near future to harness their behaviour for neural stem cell- based 
treatment of diseases in humans. 



2000 Neural transplantation in neurodegenerative disease, Wiley, Chichester (Novartis 
Foundation Symposium 231 ) p 242-269 



Neurological disorders, whether hereditaty or acquired, are typically characterized 
by a variety of cellular and molecular defects. The situation is aggravated by the fact 
that, during its maturation, the CNS appears progressively to lose its restorative 
capacity by establishing a potent inhibitory environment to neuraJ regrowth and 
the formation of new connections, and by the formation of a blood-brain barrier 
(BBB) that protects the brain from blood-borne pathogens but also prevents the 
entrance of many therapeutic substances from the vascular compartment. Current 
attempts to promote CNS repair address these obstacles using the following 
strategies; (i) replacing affected cell populations (or structural components like 



^This chapter was presented at the symposium by Professor Snyder, to whom correspondence 
should be addressed. 
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myelin) and their connections by neural grafts; (ii) providing trophic support by 
the introduction of neurotrophins and/or cytokines to diminish or prevent 
progressive neurodegeneration, stimulate neurite outgrowth, guide growing 
axons to their targets and promote establishment of functional synapses; and (iii) 
replacing missing neuroacdve molecules, such as en2ymes and neurotransmitters. 

For several decades, fetal neural transplants have been used to promote CNS 
repair and formed the basis of an important branch of restorative neurobiology 
(reviewed in Durmett & Bjorklund 1994, Fisher &: Gage 1993, 1994). They have 
not only provided us with a wealth of information about normal CNS 
development but have generated invaluable information regarding the extent to 
which the perinatal, juvenile and adult CNS is able to react to growth signals and 
to mobilise dormant, intrinsic plastic capacities. In the majority of cases, fetal grafts 
have been used in three ways (Kordower & Tuszynski 1999, Marciano et al 1989): 
(i) to replace cellular elements, especially neurons, in the degenerating host 
parenchyma and to reinnervate targets which have lost their proper input; (ii) to 
act as tissue 'bridges' for host axonal regeneration due to their highly growth- 
permissive environment; and (iii) to prevent degeneration of host cells. More 
recendy, an additional, and as yet hardly explored, phenomenon concerning 
graft/host interaction has been described, namely, the graft's potential to evoke 
robust restorative meclianisms within the juvenile recipient's brain which later 
result in an unusually well-remodelled cytoarchiteaure originating almost 
exclusively from the host (Ourednik et al 1993, 1998, Ourednik & Ourednik 
1994). Nevertheless, despite the fact that fetal grafts are already being used with 
likely success in human parkinsonian patients (Kordower et al 1995), a routine 
use of fetal tissue raises significant concerns, both biological and ethical, such as 
the availability of requisite amounts of suitable material and insuring survival of 
desired cells in a tissue that is typicaUy heterogeneous. Moreover, with respect to 
the more and more popular idea of transferring therapeutic genes (or their end 
metabolic products) to the brain, primary fetal tissue is, due to its heterogeneity, 
not well suited for the genetic engineering (see below) that nriight be necessary to 
provide greater or more stable amounts of a trophic factor or to replace a particular 
enzyme in a defined cell type. 

The transfer of a transgene or a gene product is frequently an important step in 
the attempt to correct a deficiency in the CNS. For this reason, many methods of 
gene transfer are under investigation (Breakfield et al 1999). They fall into two 
categories: mechanical delivery of DNA into cells in vitro and introduction of 
genetic material by virus-based vectors. Mechanical ways of introducing DNA 
into cells rely on diverse means of particulation and concentration of the DNA 
around the cell membrane in form of precipitates, liposomes, gold particles or 
molecular conjugates internalized by the cells in an active (endo- or pinocytosis) 
or passive (membrane fusion, elect roporati on or bombardment) process. 
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Although frequently employed, this methodology is not very efficient and cells 
may not get transfected in a stable manner. 

Virus-based delivery of foreign genes into mammalian cells has several 
advantages: the small genome of retroviruses (still the most frequently used type 
of virus) allows relatively easy manipulation and insertion of larger transgene 
sequences, viruses can be grown to high titres in culture, infection efficiency is 
extremely high (close to 100% of cultured cells), and the DNA, in most cases, 
gets stably integrated into the genome in form of a provirus. However, care must 
be taken that the transgene is inserted into a replication-defective virus where all 
the transforming oncogene sequences have been removed. All the products 
necessary for replication and integration of such defective viruses are provided 
- in trans by replication-competent but non-transforming helper viruses which 
later have to be completely removed from the purified vector — often a rather 
difficTilt task. 

The introduction of DNA by viral vectors can be achieved either by in situ 
application, i.e., direct injection of genetically-altered viruses into the CNS, or by 
ex vivo gene therapy, where vector-mediated gene transfer into cells occurs in vitro 
and these transgenic cells are then transplanted into the brain regions of interest. 
Besides the technical difficulties inherent to the vectors used and common to both 
strategies (e.g. expression of viral genes, initiation of an antiviral immune 
response, reversion of the viral vector to a replication-competent state, and 
inactivation of transcription and/or expression of foreign genes), both suffer 
from specific insufficiencies as well. Thus, although progress is being made in 
targeting post-mitotic neural tissue with viral vectors hke lentivirus, adenovirus 
(AV), adenoassociated virus (AAV), or herpes simplex virus (HSV) expressing 
tlierapcutic transgenes under cell type-specific promoters, they still may not 
address the widespread, extensive lesions characteristic of many neuro- 
degenerative conditions, particularly those of genetic, perinatal, metabolic, 
inflammatory, infectious or traumatic origin. Furthermore, such strategies depend 
on relaying new genetic information through estabhshed endogenous neural 
populations and circuits, which, in fact, may have degenerated or failed to develop. 

In the alternative approach, the vivo gene therapy strategy, the challenge 
comes in selecting a cellular population that can be easily altered genetically to 
produce a desired protein and then safely and efficiently introduced into discrete 
or widespread regions of the brain where they can reside innocuously and continue 
to deliver their generic 'payload*. Donor cells may be chosen to act as miniature 
'pumps' providing a source of exogenous substances that can diffuse to appropriate 
targets, to become integral members of the host cytoarchitecture and circuitry, or, 
ideally, to do both. Neurons would seem to be the appropriate cellular candidate 

for both delivering products to and integrating within the CNS. However, there 

are restrictions on the types and ages of neurons that survive grafting in a 
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functionally meaningfuJ way for prolonged periods. Also, because mature neurons 
irreversibly stop proliferating, they are unsuitable targets for retro virus-based gene 
delivery. While improvements in the design of integrating vectors (lentivirus, 
AAV) and episomal vectors (HSV, AV) may ultimately facilitate genetic 
manipulation of post-mitodc neurons ex vivo, at present, the usefulness of 
primary neurons as vehicles for gene transfer is minimal. Researchers therefore 
soon turned towards well-established cultures of non-neuronal cells which do 
proliferate and can e:asily be manipulated by retroviruses to express transgenes. 
Fibroblasts quickly became the idea] candidates and have been modified to 
produce a variety of neurotransmitter-synthesizing enzymes (e.g. tyrosine 
hydroxylase and choline acetyl transferase) and trophic proteins (e.g. nerve 
growth factor). Drawbacks of this technique are, however, that fibroblasts are 
unable to incorporate functionally into the host brain^s cytoarchitecture, 
damaged circuits cannot be reformed and regulated release of substances may be 
missing. Thus, investigators started to look for another cell type which would be a 
source of a homogeneous cell population; which, while proliferating, could easily 
be maintained and genetically manipulated in vitro-, and, at the same time, would, 
after grafting, be able to integrate seamlessly into the cytoarchitecture and circuitry 
of the host CNS. 

For several years, there has been a growing interest in the therapeutic potential of 
neural stem cells (NSCs) and progenitors for tiierapy in CNS dysfunctions. This 
interest derives from the realization that these cells are more than simply a 
replacement for fetal tissue in transplantation paradigms and yet another vehicle 
for gene delivery. Rather, the basic biology of these cells endows them with a 
quality that otiier vehicles for gene therapy and repair may simply not possess 
(e.g. Martinez-Serrano & Snyder 1999, Snyder & Senut 1997): the potential to 
integrate into the ncurd circuitry after transplantation. Witii the first recognition 
that NSCs, propagated in culture, could be reiniplanted into mammalian brain 
where they could reintegrate appropriately and stably express foreign genes, gene 
therapists and restorative neurobiologists began to speculate how such a 
phenomenon might be harnessed for therapeutic advantage. These, and. the' 
studies which they spawned (Yandava et al 1999, Lundberg et al 1997, Rosano et 
al 1997, Lacorazza et al 1996, Renfranz et al 1991) provided hope that the use of 
NSCs, by virtue of their inherent biology, might circumvent some of the 
limitations of presendy available graft material and gene transfer vehicles, and 
make feasible a variety of novel therapeutic strategies (Table 1). 

NSCs are postulated to be immature, uncommitted cells that exist in the 
developing and even adult ner\^ous system (Gage et al 1995, Reynolds & Weiss 
1992) and are responsible for giving rise to the vast array of more specialized cells 
of the mature CNS. They are operationally defined by thcii ability to self- renew, 
their potential to differentiate into various (if not all) neuronal and glial cell 
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TABLE 1 Properties of neural stem cells that make them appealing vehicles for CNS 
gene therapy and repair 

Genetic manipulability 

Progenitor/stem cells easily transduced exvivo by most viral and non- viral gene transfer methods. 
Facile engrapability following simple implantation procedures 

From cngraftment in germinal zones (as well as into parenchyma), can broach BBB unimpeded; 
no requirement for conditioning regimes (e.g. irradiation as in bone marrow transplantation 
or opening of BBB). 

Sustained foreign ( therapeutic ) gene expression 

Throughout CNS, from fetus to adult, following technically simple and safe reimplantation 
procedures; CNS levels rise immediately. 

Potential/or normal reintegration into host cytoarchitecture and circuitry 

Differentiate along all CNS cell-type lineages; impouaiit for diseases in which neurons and glia 
are both affected; not only allows direct, stable and perhaps regulated delivery of therapeutic 
molecules, but also enables replacement of range of dysfunctional neural cells and possible 
reconstruction of connections and networks. 

A. bility to migrate 

Particularly within germinal zones, enabling replacement of genes and ceils to be directed not 
only to discrete sites but to widely disseminated lesions as well for diseases of a more global 
narure; for more focal implants, ability of cells to intermingle with host cells rather than clump 
at injection track insures homogeneous distribution of therapeutic molecules throughout 
target tissue. 

Plasticity 

Ability to accomjnodate to region of engraftment and assume array of phenotypes; obviates 
necessity for obtaining donor cells from many specific CNS regions, or imperative for precise 
targeting of donor cells during reimplantation, or need for tissue-specific promoters for 
foreign gene expression. 

Compensatory of transgene mn'e>cprejsion 

Low levels of normal neural products expressed intrinsically by progenitor/stem cells (lysosomal 
enzymes; neurotrophic, matrix, adhesion and homeodomain molecules; myehn) helps 
safeguard against transgeneinactivation; neural cells may sustain expression of foreign neural 
genes longer than non-neural vehicles; ability to integrate multiple copies of a rransgene into 
its genome (e.g. following repeated sequential retroviral infection) helps thwart loss of 
expression; may also provide as-yct-unrecognized beneficial neural-specific substances. 

One stem cell may carry multiple transgenes 

Following multiple transfection events, one ceil can transfer multiple gene products 
simultaneously. 

Minimization of side effects 

Distribution of gene products restricted to CNS; while proteins may be disseminated by stem 
cells throughout brain for diseases of global nature, by altering mode of administration, cells 
can be selectively integrated in proximity to neurons that require given factor without 
affecting cells for which the molecule might be problematic; conditioning regimes not 
required prior to transplantation as in bone marrow therapy. 



(Continued) 
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A bility to serve as producer cells for the in vivo dissemination of viral vectors 

I May help amplify distribution of virus-mediated genes to large CNS regions and numbers of 
cells. 

Immuftoto/erance 

In rodent transplant studies, multiple recipients and mouse strains can integrate the same murine 
stem cell clone without rejection or the necessity for immunosuppression, suggesting a need 
for generating very few effective clones (one clone used by many). 
Trap ism for and trophism within regions of CNS degeneration 

When confronted with neurodegenerative environments, stem cells alter their migration & 
diffetentiation patterns towards replacement of dying cells; probably a vestigial 
developmental strategy with therapeutic value. 



lineages, and to populate developing or degenerating CNS regions in multiple 
J regional and temporal contexts. We can even hj-pothesize that, whenever the 
CNS is injured, it may actually try to 'repair itself with its own endogenous NSC 
population but that, for most injuries that come to clinical attention, that supply is 
restricted in the number of available NSCs or insufficiently mobilized and even 
counteracted by growth-inhibitory environment, specially in adult brain. This 
unexplored possibility of a 'self-repair' could already be postulated in the context 
of the regenerative effect of fetal tissue grafts on host tissue (Ourednik et al 1993, 
1998, Ourednik & Ourednik 1994) and is corroborated by the fact that such fetal 
tissues still contain a large pool of endogenous NSCs which are probably 
responsible for the observed graft-induced remodelling by the post-mitotic host 
brain. Furthermore, pilot studies in which endogenous progenitors in the 
suventricular germinal zone (SCZ) are labelled and tracked just as a devastating 
hypoxic-^ischaemic brain injury is experimentally imposed on the cortex, suggests 
that these progenitors alter their normal stereotypical migratory route to the 
olfactory bulb and move instead towards the damaged regions to become new 
neurons in regions where neurogenesis has been conventionally deemed as; 
having been completed. Therefore, to augment such a response with 'pure* 
exogenous NSCs (transgenic or not), implanted opporttxnistically at strategic 
times following injury, may enable an even more significant recovery. 

NSC clones have been maintained in a proliferative state by several equally safe 
and effective strategies: through manipulation of 'internal commands' by genetic 
means (e.g. transduction of propagating genes that interact with cell cycle 
regulatory proteins) or by exposure to 'external commands' (e.g. such epigenetic 
means as chronic mitogen stimulation or co-culture on various cellular membrane 
substrates). Such manipulations do not subvert the ability of stem cells to respond 
to normal microenvironmental cues: to withdraw from the cell cycle, interact with 
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host cells and to differentiate. This point has been successfully illustrated by a 
prototypical model murine NSC clone (designated clone CI 7.2), which was 
initially isolated from 4-day-old mouse cerebellum but has the ability to 
accommodate co most neural regions at most periods throughout the mouse's life 
(Snyder etal 1992). When transplanted into various germinal zones throughout the 
brain, these cells participate in normal development of multiple regions at multiple 
stages along the murine neuraxis (expressing their marker, ^-galactosidase, from 
the bacterial kcZ transgene). They intermingle non-disruptively with endogenous 
neural progenitor/stem cells, responding to the same spatial and temporal cues in a 
similar manner and differentiating into all neuronal and glial cell types. Crucial for 
therapeutic considerations, the structures to which they contribute develop 
norinaJly. Thus, their use as graft material can be considered almost analogous to 
haematopoietic stem cell-mediated reconstitution. In the following sections, using 
clone C17.2 as model for NSCs in general, we present examples of their behaviour 
in several grafting experiments simulating various neuropathological situations. 



Non-engineered NSCs correct a variety of CNS defects 

In testing the potential of NSCs to replace dying cells and lost neural circuits in 
degenerating brain, insights have been derived from studying mouse mutant and 
specific injury paradigms which have served nicely as well-controlled and well- 
defined models for more complex CNS dysfunctions. In such experiments, NSCs 
appear well suited for replacing some degenerated or dysfunctional neural cells. 

In the meander tail {mea) mutant, which is characterized by failure of sufficient 
granule neurons to develop in certain regions of the cerebellum, NSCs, 
implanted at birth, were capable of 'repopulating' large agranular portions with 
neurons (Rosario et al 1997). A pivotal observation, with implications for 
fundamental stem cell biology, was that cells with the potential for multiple fates 
'shifted' their mode of differentiation to compensate for a deficiency in a particular 
cell type. As compared with their differentiation in normal cerebella, a 
preponderance of these donor NSCs in regions deficient in granule neurons 
pursued a granule neuronal phenotype in preference to other potential 
phenotypes, suggesting the presence of environmental signals 'pushing' 
undifferentiated, multipotent cells towards repletion of the inadequately 
developed cell type. This phenomenon was observed in more than one study (as 
will be illustrated in some of the following examples) and presents a possible 
developmental mechanism with obvious therapeutic value. 

Preliminary work in another mutant, the reehr {rl) mouse, has suggested that 
NSCs may not only replace devciopmentally impaired cells, but may also help 
correct certain aspects of abnormal cytoarchiteaure (Auguste et al 1996), The 
laminar assignment of neurons in rl mouse brain is profoundly abnormal due, 
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most likely, to a mutation in a gene encoding the secreted extracellular matrix 
(ECM) molecule, Reelin. NSCs, implanted at birth into the defective developing 
rl cerebellum, appeared in pilot studies not onl}^ to replace missing granule neurons 
in correct laminar position, but also to restore a more wiJd-type laminated 
appearance in engrafted regions by influencmg the migration and survival of 
mutant neurons, most likely by providing molecules (including Reelin) that 
guide proper histogenesis. These findings therefore suggest a possible stem cell- 
based strategy for the treatment of CNS diseases characterized by abnormal 
cellular migration, lamination and cytoarchitectural arrangement. 

Many neurologic diseases, particularly those of neurogenetic aetiology, are 
characterized by global degeneration or dysfunction. Mutants characterized by 
CNS-wide white matter disease provide an ideal model for testing hypotheses 
that NSCs might also be useful in neuropathologies requiring widespread neural 
cell replacement. The oligodendroglia of the dysmyelinated shiverer {sht) mouse are 
dysfunctional because they lack myelin basic protein (MBP) essential for effective 
myelination. Therapy, therefore, requires widespread replacement with MBP- 
expressing ohgodendrocytes. NSCs transplanted at birth (employing an 
intracerebroventricular implantation technique devised for diffuse engraftment 
of enzyme-expressing NSCs to treat global metabolic lesions, Yandava et al 1 999) 
resulted in engraftment throughout the shi brain with repletion of significant 
amounts of MBP (Figs 1 and 2). Accordingly, of the many donor cells which 
differentiated into oligodendroglia, a subgroup myelinated 40% of host neuronal 
processes. In some recipient animals, the symptomatic tremor decreased. 
Therefore, ^global' cell replacement seems feasible for some pathologies if cells 
with stem-like features are employed. This approach is being extended to other 
poorly myelinated mutants, e.g. mouse models of Krabbe's globoid cell 
leukodystrophy. The ability of NSCs to remyelinate is of particular importance 
because dys-/de-myelination plays an important role in many genetic (e.g. 
leukodystrophies, inborn metabolic errors) and acquired (traumatic, infectious, 
asphyxia!, ischemic, inflammatory) neurodegenerative processes. More broadly, 
complementation studies in mutants, such as those described above, help support 
a NSC-based approach, whether with exogenous NSCs or with appropriately 
mobilized endogenous NSCs, for compensating for ncurodevelopmental 
problems of many aetiologies. 

One of the most fascinating characteristics of NSCs is that they indeed can react 
to neurodegeneration by 'shifting' their pattern of differentiation towards 
* replenishing* of the missing cell types. One of the studies demonstrating this 
phenomenon was performed in a model of experimentally induced apoptosis of 
selectively targeted pyramidal neurons in the adult mammalian neocortex 

(Snyder et al 1997). Apoptosis (at least at particular critical phases) is becoming 

implicated in a growing number of both neurodegenerative and normal 
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developmental processes. When transplanted into this neuron-specific 
degenerative environment, 15% of NSCs 'altered' the differentiation path they 
Otherwise would have taken under normal developmental circumstances 
(neurogenesis has normally ceased in the adult cortex) and instead differentiated 
specifically into that type of degenerating neuron, partially replacing that lost 
neuronal population. Pilot studies further suggest that some replacement 
neurons sent axons across the corpus callosum to appropriate targets in the 
contralateral hemisphere. Thus, this neurodegcncration may have created a 
'milieu* which recapitulates normal embryonic developmental cues (e.g. for 
cortical neuronogenesis) to which NSCs can respond to therapeutic advantage. 
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Evidence from experimental mouse models that even more closely emulate 
clinical situations fuirther suggests that CNS injury or degeneration (of a certain 
type and/or during critical developmental time windows) might advantageously 
direct the migration, proliferation and differentiation of NSCs, both of host and 
donor origin. In a preliminary study, mice treated systemically with MPTP (1- 
methyl-4-phenyl-l ,2,3,6-tetrahydropyridine), a drug selectively destroying 
dopaminergic cells in the brainstem, and subsequently grafted unilaterally with 
NSC clone CI 7.2 displayed a reconstituted dopaminergic cell population 



FIG. 1. Engrafted NSCs in recipient shi mutants differendate into oligodendrocytes (I) and 
functional and behavioural assessment of transplanted shr mutants and controls (II). (I A,B) 
Donor-derived Xgal"'' cells in representative sections through the corpus callosum possess 
characteristic oligodendroglial features — small, round or polygonal cell bodies with multiple 
fine processes oriented In the direction of the neural fibre tracts. (C) Closc-up of a representative 
donor-derived and-^-galactosidase immunoreactive oligodendrocyte (arrow) extending 
multiple processes toward and beginning to enwrap large, adjacent axonal bundles viewed on 
cud in a section through the corpus callosum- That cells such as those in A— C arc oligodcndroglia 
is confirmed by the representative electron micrograph in (D), demonstrating a donor-derived 
Xgal-labelled oligodendrocyte (LO) distinguished by the electron-dense Xgal precipitate that 
typically is localized to the nuclear membrane (arrow), endoplasmic reticulum (arrowhead), and 
other cytoplasmic organelles. The area indicated by the arrowhead is magnified in the inset to 
demonstrate the unique crystalline nature of individual precipitate particles. (II) The sbi 
mutation is characterized by the onset of tremor and a 'shivering gait' by the second to third 
postnatal week. The degree of motor dysfunction in animals was gauged in two ways: (i) by 
blindly scoring periods of standardized videotaped cage behaviour of experimental and 
control animals and (Li) by measuring the amplitude of tail displacement from the body's 
rostral-caudai axis (an objective, quandfiable index of tremor). Video freeze-frames of 
representative uncngrafted and successfully engrafted sbi mice are seen in (A) and (B). The 
whole-body tremor and ataxic movement observed in the unengrafted symptomatic animal 
(A) causes the frame to blur, a contrast to the well-focused frame of the asymptomatic 
transplanted shi mouse (B). 60% of transplanted mutants evinced nearly normal- appearing 
behaviour and attained scores that were not significantly different from normal controls, 
(C) and (D) depict the manner in which whole-body tremor was mirrored by the amplitude of 
tail displacement (hatched arrow in C), measured perpendicularly from a line drawn in the 
direction of the animal's movement (solid arrow, which represents the body's long .ajcis). 
Measurements were made by permitting a mouse^ whose tail had been dipped in India ink, to 
move freely in a straight line on a sheet of graph paper as shown. Large degrees of tremor cause 
the tail to make widely divergent ink marks away from the midline, representing the body's axis 
(C). Absence of tremor allows the tail to make long, straight, uninterrupted ink lines on the paper 
congruent with the body's axis (D), The distance between points of maximal tail displacement 
from the axis was measured and averaged for transplanted and untransplanted shi mutants and 
for unaffected controls (hatched arrow). (C) shows data from a poorly engrafted mutant that did 
not improve with respect to tremor whereas (D) reveals lack of tail displacement in a successfully 
engrafted, now asymptomatic sbi mutant. Overall, 64% of transplanted shi mice examined 
displayed at least a 50^/o decrement in the degree of tremor or * shiver'. Several showed zero 
displacement. Bars: I. A,B, and C=10/im, D=1.5fim, II. A,B = 2.5cm. (Modified from 
Yandava etall999.) 
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I composed of donor and host. This suggests that NSCs not only replenished a 

$ defined pool of a massing cell type but also reactivated regenerative capacities 

I within the aged host. 

f- In a newborn mouse, unilateral carotid ligation combined with reduced ambient 
oxygen produces extensive hypoxic-ischaemic brain injury (HI) throughout the 

7 ipsilateral cerebral hemisphere. HI is an ideal prototype for a range of untreatable 

I acquired and inherited neurodegenerative conditions and involves multiple cell 

f types and regions in a devastatingly extensive manner. NSC clone CI 7.2 was 

I used in two ways to help study the biology of NSC-based reconstitution of this 

> large CNS lesion (Park et al 1997, 1999). In the first paradigm, NSCs are allowed 

1 to integrate during development into the representative cytoarchitecture of the 

1 normal brain prior to unilateral HI, creating virtually a chimeric brain of host 
and donor 'reporter stem cells'; the movements and responses of this 'reporter' 

2 NSC clone to HI (which can be reliably tracked by virtue of its lacZ reporter gene 
f expression) would presumably mirror the behaviour of endogenous host 

3 progenitors and NSCs, with which it has intermixed, whose clonal relationships. 



FIG. 2. (I) Myelin basic protein (MBP) expression in mature transplanted and control brains. 
(A) Western analysis for MBP in whole brain lysates. The brains of three representative 
transplanted sbi mutants (lanes 2-4) express MBP at levels close to that of an age-matched 
unaffected mouse (lane 1, positive control), and significantly greater than the amounts seen in 
untransplanted (lanes 7,8, negative control) or unengrafted (lanes 5,6, negative control) age- 
matched sbi mutants. (Identical total protein amounts were loaded in each lane.) (B-D) 
Immunocytochcmical analysis for MBP. (B) The brain of a mature unaffected mouse is 
immunoreactive to an antibody to MBP (revealed with a Texas red-conjugated secondary 
antibody). (C,D) Age- matched engrafted brains from s^i mice similarly show 
immunoreacdvity. Untransplanted sbi brains lack MBP. Therefore, MBP immunoreactivity 
has also classically been a marker for normal donor-derived oligodendrocytes (C,D). II. NSC- 
derived 'replacement' oligodendrocytes appear functional as demonstrated by ultrastructural 
evidence of myelinacion of shi axons. In regions of MBP-expressing NSC engraftment, shi 
neuronal processes become enwrapped by thick, better compacted myelin. (A) At 2 weeks 
post-transplant, a representative donor-derived, labelled oligodendrocyte (LO) (recognLzed by 
extensive Xgal precipitate (p) in the nuclear membrane, cytoplasmic organelles, and processes) is 
extending processes (a representative one is delineated by arrowheads) to host neutites, and is 
beginning to enshcathe them with myelin (m). (B) If engrafted shi regions, such as that in A, arc 
followed over time (e.g. to 4 weeks of age as pictured here), the myelin begins to appear healthier, 
thicker and better compacted (examples indicatexl by arrows) than that in age-matched 
untransplanted control mutants. (C) By 6 weeks post-transplant, it matures into even thicker 
wraps; ^^40% of host axons are ensheatbed by myelin. The higher power view of a 
representative axon shows its myelin to be dramatically thicker and better compacted than the 
shj myelin (an example of which is shown in D) (black arrowhead) from an unengrafted region of 
an otherwise successfully engrafted shi brain. In C, white arrowheads indicate representative 
regions of myelin that arc magnified in the adjacent insets; major dense lines arc evident. 
(Modified from Yandava et al 1999.) 
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; characteristics and degree of homogeneity are much less certain and which are 
otherwise 'invisible' to such monitoring. In the second paradigm, CI 7.2 
'reporter cells' are implanted at various intervals following HI. In both 
paradigms, in response to HI, a subpopulation of 'reporter' and host cells 
transiendy tc-cntcrcd the cell cycle and migrated preferentiaUy ro the ischaemic 
site as if responding to newly elaborated cues. Donor-derived cells integrated 
extensively within the large infarcted areas that span the length of the brain; even 
cells implanted into the intact contralateral hemisphere migrated towards regions 
of injury. A subpopulation of both reporter- and host-derived cells (particularly in 
the penumbra) then once again became quiescent and differentiated into new 
neurons and oligodendrocytes, the neural cell types typically damaged following 
HI and least likely to regenerate spontaneously in postnatal CNS. In the injured 
postnatal neocortex there was a -fivefold increase in donor-derived oligo- 
dendrocytes compared to the intact neocortex and, most significantly, NSCs now 
yielded neurons at a stage in mammalian development when no cortical neurons are 
normally bom; 5% of engrafted NSCs on the injured side, compared to 0% on the 
intact contralateral side, now differentiated into neurons, an amount that translates 
into tens-of-thousands of replacement neurons. (While it is unknown how many 

z. neurons and how much circuitry are required to reconstruct a damaged system, 
older lesion data suggest that relatively little, even less than 10%, restoration may 
be sufficient.) As in the targeted apoptosis model, novel signals appear to be 
transiently elaborated following HI (three to seven days following HI appears 



FIG. 3. Neuronal replacement by a representative human neural stem cell (hNSC) clone 
foUowing transplantation at birth into the cerebellum of the granule neuron-depleted meander 
tail mutant mouse model of developmental ncurodcgcncration. (a-g) BrdU-intercalated 
donor-derived cells idc-ntified three weeks following direct implantation into external germinal 
layer of the meander tail {mea) cerebellum by antJ-BrdU immunochemistry. (a) hNSCs arc present 
in the inner granular layer (igl, arrows) of all lobes of the cerebellum (granule neurons are 
diminished throughout the cerebellum with some prominence in the anterior lobe), (b) Higher 
magnification of the representadve posterior cerebellar lobe indicated by arrow in panel a, 
demonstrating the lari^e number of donor-derived cells present within the recipient igL (c-g) 
Various magnifications of donor-derived cells within the igl of a mea anterior cerebellar lobe. 
(f,g) Nomarski optics are utilized to bring out the similarity in site and morphology of host 
BrdU-negacive cerebellar granule neurons (arrow heads) and a BrdU-intercalated» donor- 
derived neuron (arrow), (h, i) Neuronal differentiation of a subpopulation of donor-derived. 
BrdU-incercalated cells is illustrated by co-labelling with BrdU in (h) and the mature neuronal 
marker NeuN in (i) (indicated with arrows). Adjacent, donor-derived cells are non-neuronal as 
indicated by their BrdD-positive, NeuN-negative phenot^'pe (arrowhead), (j) Cells within the igl 
are demonstrated to be donor-derived human cells by FISH for a human-specific probe 
identifying the centromeres of all chromosomes, ^2//. Odier centromeres are present, but out of 
the plane of focus in this photomicrograph. Bars: 2,b = 100//m; c, d = 75/im; e = 40/im; 
f»g = 1 0 ^m; h,i,j = 50 ^im. (Modified from Flax et al 1 998.) 
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optimal), to which NSCs (donor and host) respond by ^shifting' their normal fate 
to compensate for the loss of those particular cell types. 

These phenomena are probably pervasive throughout the CNS. A similar 
tropism and trophism for NSCs by apoptotic neurodegenerative environments 
appears evident in the postnatal spinal cord (SC) during segmental motoneuron 
(MN) degeneration induced by neonatal sciatic axotomy, a classic experimental 
model of spinal neuron degeneration. Although MNs are normally bom only in 
the fetus, in pilot studies where NSCs are implanted during active degeneration, a 
significant proportion of them will engraft^ migrate toward and throughout the 
segments of MN-impoverished ventral horn and differentiate (20%) into cells 
that resemble the lost MNs (Himes et al 1995). Again, engrafted NSCs continue 
to express foreign reporter genes suggesting that, as in the asphyxiated brain, 
implantation of genetically engineered NSCs expressing trophic agents, 
cytokines or other factors might enhance neuronal differentiation, neurite 
outgrowth and proper connectivity. 



NSCs and genetic engineering — combining cell 
replacement and gene therapy 

Precisely what the stem cell-modifying signals arc that arc normally elaborated as a 
consequence of neurodegeneration is an area of active investigation. They no 
doubt arc a complex mix of various mitogens, cytokines, trophic and tropic 
agents, adhesion and ECM molecules, chemotactic and angiogenic factors, etc, 
elaborated by reactive astrocytes, activated microglia, inflammatory cells, 
invading macrophages and damaged neurons and glia. Since the concentrations 
of these factors and their ratios change with time, they create a temporal 
'window' of increased plasticity during the acute/subacute post-lesioning phase 
(first 2-3 weeks). Might this naturaUy established plastic phase in the injured 
brain, so favourable for successful engraftment of NSCs, be further prolonged 
and enhanced by augmenting some of those factors? Because in the paradigms 
described above, engrafted NSCs continue to express their marker transgene lacZ 
within the large infarcted areas, it appears feasible that such cells can be genetically 
manipulated prior to transplantation to express such agents, in vivo (much like a 
purnp infusing growth factors). 

Neurotrophin 3 (NT-3) is known to play a role in promoting neuronal 
differentiation (although its presence after HI remains unclear). An NSC done 
secreting large amounts of NT-3 might not only have an impact on host cells, 
but, intriguingly, might itself respond to NT-3 in an autocrine/paracrine fashion. 
This, indeed, seems to be feasible. In prehminary studies, when a subclone of CI 7.2 
NSCs, retrovirally transduced ex vivo to overexprcss NT-3, are implanted into 
brains suffering from HI, the percentage of donor-denved neurons seems to be 
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^ dramatically increased to 20% in the infarction cavity and to 80% in the penumbra 
(compared to the 5% when non-engineered NSCs are used) (Park et al 1997). As 
another example, we can again adduce the pilot experiments on parkinsonian mice 
we described above. A group of these mice were grafted with C17.2 cells 
overexpressing the neural cell adhesion molecule LI (known to promote cell 
migration and neurite outgrowth; Burden-GuUey et al 1997). This resulted in an 
increased migration of donor-derived dopaminergic nerve ceils and a quicker 
bilateral reorganization of the substantia nigra. Such observations suggest the 
; - use of NSCs for simultaneous, combined gene therapy and eel! replacement in 
the same transplant using the same clone in the same recipient — an appealing 
; _ NSC property with implications for therapies in other degenerative conditions 
involving other neural cell types. 

The feasibility of a stem cell-mediated delivery system for therapeutic molecules 
was first affirmed by correcting the widespread neuropathology of a murine model 
of the genetic neurodegenerative lysosomal storage disease mucopolysaccharidosis 
type Vn (MPS VII). Caused by a frameshift deletion of the ^-glucuronidase gene 
, " (GUSB), this heritable condition causes progressive mental retardation in humans 
: : and inexorable neurodegeneration in mice (Snyder et aJ 1995). NSCs were 
; i genetically modified with a retrovirus encoding human GUSB to augment the 

- mouse GUSB constitutively secreted by these cells. Transplantation of these 
GUSB-overexpressing cells into the cerebroventricular system of newborn MPS 
VII mice resulted in profuse incorporation of donor-derived cells throughout the 
mutant neuraxis. This brain-wide distribution of engrafted GUSB-secreting NSCs 
corresponded to the distribution of corrective levels of GUSB throughout the 
mutant brains devoid of that enzyme. The diffuse GUSB expression in turn 
resulted in widespread permanent correction of lysosomal storage in mutant 
neurons and glia, throughout mutant brains. While MPS VII may be regarded as 
'uncommon*, the broad category of diseases which it models (neurogenetic 

: degenerative conditions) afflicts as many as 1 in 1500 persons. This approach is 

therefore being extended to other untreatable- neurodegenerative diseases 
characterized by an absence of discrete gene products and/or the accumulation of 
toxic metabolites. For example, retrovirally-transduced NSCs, implanted into fetal 
and neonatal mice using the intracerebroventricular technique, have successfully 
mediated widespread expression throughout the brain of the a-subunit of j3- 
hexosaminidase, a mutation of which leads to accumulation of GM2 ganglioside 
(Tay-Sachs disease, Lacorazza et al 1 996). 

- With the stage having been set by experiments such as these, such ex vivo gene 
therapy strategies have been successfully employed in other experimental models 
of neurologic disease. These have included delivering tyrosine hydroxylase (TH) 
to the striatum of parkinsonian animals; nerve growth factor (NGF) to cholinergic 
systems of the septum and nucleus basalis magnocellularis to induce sprouting and 
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to reverse cognitive deficits in models of Alzheimer's disease and ageing; NGF and 
brain-derived growth factor (BDNF) for neuroprotection against excitotoxic 
lesions in striatum mimicking Huntington's disease (Maninez-Serrano & 
Bjorklund 1996, Martinez-Serrano et al 1995a,b, 1996). In approaching metabolic 
diseases such as those above, there is an interesting point to be made that might be 
applicable to ex vivo gene therapy in general: NSCs, because they are normal CNS 
cells, often constitutivcly express baseline amounts of a particular enzyme or 
neutoactive factor. The extent to which this amount needs to be augmented by 
genetic engineering may vary from protein to protein and needs to be studied 
individually. Reassuringly, in most inherited metabolic diseases and in many 
neu rologic diseases in general, the amount of enzyme required to restore normal 
metabolism and forestall CNS disease may be quite small. Also reassuringly, we 
affirmed that NSC expression of therapeutic levels of foreign genes (even if 
reduced) can persist lifelong and that transducing a given NSC multiple times 
with a retroviral vector, thus inserting multiple copies of a therapeutic transgene 
within the same cell, is a simple and immediately available method for blunting 
decrements in transgene expression. 

Experiments like those described above have established a paradigm for the stem 
cell-mediated brain-wide distribution of other diffusible (e.g. synthetic enzyme, 
ncurotrophin, viral vector) and non-diffusible (e.g. myelin, extracellular matrix) 
therapeutic or developmental factors, as well as the distribution of 'replacement* 
neural cells. In developing brains, the cells actually contribute to organogenesis of 
multiple CNS structures (Table 1). Because NSCs can populate widely 
disseminated developing or degenerating CNS regions with cells of multiple 
lineages, their use as graft material in the brain can be considered analogous to 
haematopoietic stem cell-mediated reconstitution and gene transfer in the body. 
Yet, unlike in bone marrow transplantation, this method of delivery docs not 
preclude being able to transport gene products into the cytoarchitecture of 
circumscribed regions in order to effect selective manipulations and avoid 
extetnsive genetic alteration should the clinical context demand it. For some 
diseases, widespread gene product dissemination is not desired. In fact, solely by 
altering their mode of adnainistration or implantation, NSCs can be selectively 
integrated into more focal and discrete regions in proximity to those neurons 
that require a given neuroactive factor without affecting cells at more remote 
locations for which the molecule might be problematic. 

A recent unexpected use of the NSC takes advantage of its ability to migrate 
extensively and to 'home in* selectively on CNS pathology while continuing to 
express bioactive foreign genes. One of the impediments to the treatment of 
primary human brain tumours (e.g. gliomas) has been the degree to which they 
expand, infiltrate surrounding tissue and migrate widely into normal brain, 
usually rendering them 'elusive' to effective resection, irradiation, chemotherapy 
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or gene therapy. In preliminary studies, we have observed that migratory NSCs, 
when implanted into experimental intracranial gliomas in vivo in adult rodents, 
distribute themselves quickly and extensively throughout the tumour bed and 
migrate uniquely in juxtaposition to widely expanding and aggressively 
advancing tumour cells while continuing to stably express a foreign gene. The 
NSCs, in effect, 'surround' the invading tumour border while ^chasing down' 
infiltrating tumour cells. Furthermore, when implanted intracranially at distant 
sites from the tumour bed in adult rodent brain (e.g. into normal tissue, into the 
contralateral hemisphere, or into the cerebral ventricles), the donor cells migrate 
through normal tissue targeting the tumour cells (including human 
glioblastomas). NSCs can deliver a bioactive therapeutically-relevant 
molecule — the oncolysis-promoting enzyme cytosine deaminase — such that in 
vitro and in vivo, upon activation, a dramatic, quantifiable reduction in 
surrounding tumour cell burden results. These data suggest the adjunctive use of 
inherently migratory NSCs as a delivery vehicle for more effectively targeting a 
wide variety of therapeutic genes and vectors to refractory, migratory, invasive 
brain tumour cells. More broadly, they suggest that NSC migration can be 
extensive, even in the adult brain and along non-stereotypical routes, if 
pathology (as modelled here by tumour) is present. 



Getting closer to human therapy — establishment of human NSC clones 

The ability of NSCs to migrate and integrate Throughout the brain as well as to 
disseminate a foreign gene product is of great significance for the development of 
new therapies for neurodegenerative diseases in humans. Hereditary diseases like 
Tay-Sachs disease result in lesions throughout the CNS. Diseases of adult onset, 
too, e.g. Alzheimer's disease, can be diffuse in their pathology. Even acquired 
diseases such as spinal cord injury (SCI) are more extensive in their involvement 
than is typically assumed. Such trauma-related abnormalities may fully benefit 
from the multifaceted approach NSCs may enable: e.g. cell replacement to 
provide new neural connections as well as remyelination; gene therapy to 
support the survival of damaged neurons, to neutralize hostile milieu, to counter- 
act a growth-inhibitory environment and promote neurite regrowth, and the 
re-formation of stable and functional contacts. In the case of chronic SCI, an 
improved knowledge of the molecular barriers to SC remodelling is needed to 
optimize the plastic behaviour of NSCs in this otherwise foreboding terrain, 

A better understanding of fundamental NSC biology may soon allow human 
NSCs to be transplanted with therapeutic efficacy and without concern for 
recipient safety. Progress in this regard is already being made. Several NSC 
clones have been established from the human fetal telencephalon (hNSCs) which 
seem to emulate many of the appealing properties of their rodent counterparts 
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(Flajc et al 1998): they differentiate, in vitro and in vivo, into neurons, astrocytes and 
oligodendrocytes; they follow appropriate developmental programmes and 
nnigrational pathways similar to endogenous precursors following engraftment 
into developing mouse brain; they express foreign genes in vivo in a widely 
disseminated maanec, and they can replace missing neural cell types when grafted 
into various mutant mice (Fig. 3). 

Although very promising for ultimate human CNS therapy, these findings need 
first to be reproduced in animals that are closer to humans. As the analyses from our 
first studies indicate, hNSCs seem to respond to patterning signals from the 
developing monkey brain and intermingle with the endogenous cell populations 
following estabhshed migration streams (Ourednik et aI1999). If hNSCs behave in 
lesioncd primate brains with respect to engraftment and foreign gene expression as 
they seem to do in mice,, we soon might have a powerful and versatile therapeutic 
tool in hand for use in human trials to help address genuine clinical 
neurodegenerative diseases — the ultmiate goal of experiments that started 
almost a decade ago. 
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DISCUSSION 

Sinden: Were all the HI experiments done in adult rats? 

Sjnder: The normal paradigm for doing this is to take a week-old mouse, ligate 
the common carotid artery, and then expose the animal for three hours to low 
oxygen tension, keeping the body temperature normal. This is a classic model for 
imposing a permanent injury that emulates a common cause of extensive, 
devastating cerebral palsy. (From an experimental point of view, by the way, this 
model comes as close as a neurobiologist will be able to come to emulating the 
haematopoietic stem cell biologist's test of ablating the bone marrow and 
looking for reconstitution.) Then we would selectively look at non-neurogenic 
areas; areas that, on the basis of clinical and animal data, never appear to 'repair' 
themselves, 

Kosser: Have you put these cells into any adult models of injury? 

Snyder: Yes. We are presently putting these cells in adult stroke and in adult SCI. 
Actually, one of the earliest examples of the response of NSCs to degeneration was 
observed in the adult in a series of experiments done with Jeff Macklis a number of 
years ago (Snyder et al 1997). Jeff has an intriguing model where he can selectively 
induce a subclass of pyramidal neurons in the adult neocortex to degenerate by 
apoptotic mechanisms. Cytolytic nanospheres are injected into one hemisphere. 
The subclass of pyramidal neurons in cortical layers 2 and 5 that send axons 
across the corpus caUosum take up these nanospheres at their target regions and 
rctrogradely transport them back to their cell bodies. If those cells are exposed to a 
laser beam of a prescribed wavelength, they will die an apoptotic death, leaving the 
rest of the cortex intact. If we implant an NSC clone into this Mepyramidized' area, 
a significant proportion will now become pyramidal neurons, although cortical 
neurogenesis has normally ceased. A subpopulation of these stem cell-derived 

pyramidal neurons will send their axons back across the corpus callosum to the 
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appropriate target. Outside of that circumscribed area of neuronal loss, NSCs will 
not yield neurons at all; they will produce the 'normal' post-fetal developmental 
profile of cells; glial or undifferentiated cells. In other words, the exogenous 
NSCs seem to mirror faithfully the normal developmental processes prevalent at 
a given time in a given region; where neurogenesis is ongoing, NSC-derived 
neurons will be found; where neurogenesis has ceased and gliogenesis 
predominates, NSC-derived glia will be found. However, we find that if the same 
terrain is injured, a different scenario unfolds. In the mouse there seems to be a 
'window' of one week following injury during which there seems to be a 
'resetting' of the 'clock' transiently back to an embryonic environment; then the 
window closes again. 

Gray: In stating that this was apoptotic cell death, is that simply the model you 
use, or are you implying that signals from apoptotic cell death are critical, and that 
from necrosis you would get a different set of signals? 

Snyder: That is a great question. When Jeff and I first did that experiment, 
because the results were somewhat unexpected, we thought that, perhaps, it was 
something particular to apoptosis. It was because of those data that I subsequendy 
approached the spinal cord to investigate the apoptotic degeneration of another 
selected neural cell type outside its normal period of neurogenesis — the a MN. 
As we started employing other injurj' models such as infarcts, I was a little less 
certain about the singular role of apoptosis. Although we are learning that 
'paraptosis' or 'apoptosis' play a prominent role in many degenerative processes, 
including those that have classically been thought of as predominantly 'necrotic', 
such as an Lnfaict, and although I can't rule out that it is those apoptotic 
components that are causing the effects we see, I am beginning to suspect that the 
altered responses of NSCs to degeneration and injury reflect a broader 
phenomenon. 

Keier: In the MN replacement study, am I right in thinking that you did 
neurectomies and grafting of the cells at the same time, in the neonate? 

Snyder: It is important to recognize that MNs are not normally born beyond fetal 
hfe. The model entails first performing a sciatic nerve transection in the ji^oriatal 
period, but then allowing the animals to mature by which time the MNs degenerate 
irreversibly. We started implanting NSCs at 4 weeks. Interestingly, the closer the 
implantation was performed to the actual active degeneration of the MNs, while 
they were undergoing apoptosis, the more robust the differentiation 'shift' by 
NSCs to yield MNs was. 

A ebiscber: Sciatic nerve axotomy is a rather acute model. There are many chronic 
models for. MN degeneration: have you looked at these? 

Snyder: We are starting to do this now. Initially, we wanted to examine a model 
that had a well -characterized, controllable onset and caused a robust, synchronized 
neuronal death, ideally by an apoptotic mechanisms in a well-defined region. This 
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is why we chose sciatic nerve axotomy. We are now starting to approach models 
that perhaps emulate amyotrophic lateral sclerosis (ALS) better but where the 
mechamsm may be less clear. In early studies m the SOD transgenic mouse we 
have observed prelimmary suggestions of a prolonged lifespan and diminished 
symptoms. These preliminary results, of course, require more detailed analysis 

Undvall: Is there any functional recovery provided by these cells you inject into 
the penumbra zone or into the infarcted area? 

Snyder: We are starting to look at this now. At this initial stage it is probably 
better to think of these experiments as cell biologv that happened to be 
performed /« vzvo. Second, anyone who has worked with mice knows that even 
that kind of dramatic experimental defect in the cortex does not give a dramatic 
functional phenotype. We have not yet done more subde cognitive testing. 
'Lmdvall: The cortical deficit can be assessed by neurological tests. 
Snyder: I agree, and we are starting to do some of those tests. We, however want 
to make sure that we do tests that don't just reflect global behaviour. We want to do 
functional tests that key in specifically to the cells that we were tr^nng to replace to 
see whether our cells are being integrated into the circuitrv. as opposed just to 
turnmg up the gam on parallel systems, or just providing a cellular source of 
released trophic factors. Wc are trying to be selective in the tests we employ. 

Perry: The glioma seems to be fuU of interesting puzzles. The phenomenology is 
clear, but how do you interpret it from the cell biology? Why would a progenitor 
ceU hitch a ride on tumour cells that go wandering off across the brain? Why are the 
cells migrating towards a tumour? 

Snyder: The simple answer is that I don't know. I can come up with the same 
kind of hypotheses that any of us would entertain. A number of investigators 
think that tumours are progenitor cells that have gone awry, yet retain some of 
the same biological properties. One of these is robust migratory behaviour. It 
may he that the tumour ceUs infiltrate normal tissue bv the same mechanisms 
that progenitor cells migrate through normal tissue. It mav not be that one is 
hitching a ride' on the other, even though it looks like that; they could instead 
both be respondmg to similar cues. A second possibility is that the tumour is 
secreting factors that draw cells to it. This is suggested bv some of our in vitro 
work in which tumour cells are permitted to confront stem ceUs. A third 
option is that the tumour is causing tissue damage that, in turn, produces 
signals that attract the progenitors. The migration of these donor NSCs seems 
to be highly directed. In an adult cortex without a tumour, the cells will engraft 
wdl but remain relatively restricted in their distribution and don't have this 
robust migration. However, the introduction of pathology appears to prompt 
directed migration to the affected area. 

Gray: Does this offer a means of targeting something to a tumour in a manner 
that might then destroy the tumour cells? 
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Snyder: That is our hypothesis. The hope is that this could be an adjunctive 
therapy for gene therapy or other types of interventions against brain tumours. 

Blakemore: You have to be very careful to determine whether you are looking at 
migration or survival. It may just be that you have produced a survival trackway, 
and this is the only place the cells can go. If this was the case, you could mistake this 
for directed migration. 

Snyder: That is a good point. The total number of cells doesn't appear to change, 
so we do not believe we are losing cells. It doesn't say that there is not migration; it 
raises the question of what is causing the migration. 

Gray: It is not even about what the causes are — 1 think Bill is saying that what 
appears to be a causal process coold just be a selective process. 

Snyder: We do not appear to be losing cells, such that the appearance of a given 
population of cells is merely a selection for survival. The distribution of the same 
number of cells seems to be altered. The real question, as mentioned before, is 
identifying the forces driving or directing this migration. For example, in the 
model of spinal MN degeneration in which stem cells implanted into dorsal horn 
migrate ventrally, one could remark that this is a long way for a diffusible factor to 
attract cells, An alternative intriguing explanation might hold that the 'inclination' 
of NSCs to migrate is not altered but rather as the SC starts developing, barriers to 
migration are progressively established as a normal part of regional specification. 
With an injury, especially with the selective loss of a particular cell type, there may 
be a loss of these barriers, a disinhibition, such that exogenous NSCs that ordinarily 
would have been excluded from migration to that ventral horn region now have 
the opponunity to enter it and encounter cues that they had been excluded from 
seeing that led to oc MN differentiation. 

Blakemore: This is my point: we must not mistake survival for migration. 

Finsen: Do any of your cells differentiate into microglial cells? 

Snyder: Microglial cells are derived from the bone marrow. We have no evidence 
that NSCs, when implanted into the brain in vivo, can give rise to haematopoietic 
lineages. 

Price: Yesterday we discussed the transient developmental mechanisms,- wliith 
are involved in generating cells during embryogenesis, but which are absent later on 
during the process of regeneration. Your MN model is a beautiful system with- 
which you could start to address some of those issues, particularly with regard to 
the hypothesis you just posed that there might be some sort of barrier. What I would 
have thought was more likely, rather than some barrier being removed (for which 
there is currently no evidence), would be thinking about what is taking place of the 
floorplatc during development. The floorplate is crucial in determining the fate 
during development of exaaly the population of cells that you have killed and 
then replaced. One could hypothesize that somehow the mechanism the floorplate 
uses is being reactivated in the absence of the floorplate. Isn't an obvious 
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experiment to ask whether sonic hedgehog is being turned on again during repair? 
If so, which cells are taking on the role of producing that factor? You might find 
that you are able to manipulate expression. 

Snyder: That is an excellent speculation and we are looking at that. The netrins or 
the semaphorins may be appropriate candidates for the 'attractants* in this modeij 
but the recapitualted differentiation of MNs is very 'floorpiate-escjue', and hence 
suggestive of a role for sonic hedgehog or a related factor. 

R^^j-j-^r; Have you seen any differences between the oncogenically transformed 
and non-transformed stem cells. 

Snyder: Those cells are not transformed, and the term 'oncogenesis' would be 
totally misused in such a context. For me, as for oncobiologists, 'transformation* 
: has a specific rigorous definition, which is synonymous with the loss of growth 
control mechanisms- (by meeting such established criteria as loss of contaa 
inhibition, ability to grow in soft agar, ability to give, rise to tumours in the nude 
mouse, the inability to respond to normal signals to withdraw from the cell cycle). 
In stem cell clones in which propagation is assisted by a cell cycle regulatory gene, 
as soon as the cells enter the brain, that gene product constitutivcly and 
spontaneously disappears. To help answer your question, we now have various 
clones of human NSCs that are either propagated solely with exogenous 
mitogens (e.g. fibroblast growth factor [FGF] 2) or are propagated by mitogens 
augmented by the non-transforming propagating gene -y-mjc. Y-mjc operates 
downstream of and within the same signal transduction pathway as FGF2. It 
appears to be regulated in the same manner as endogenous cellular mjc by normal 
developmental mechanisms including being down-regulated by the cell as it 

becomes quiescent during mitotic arrest and/or differentiation. Though the cells 
contain ^-mjc^ they are nevertheless dependent on FGF2 for their propagation; in 
the absence of FGF2, the cells exit the cell cycle and differentiate. We suspect thac 
the function of myc may be to prevent the cells from senescing or losing their 
multipotent phenotype after multiple passages. We are trying to compare these 
variously propagated clones 'head to head' in all of these paradigms. In every 
aspect that we have examined so far, the human NSCs with ^-myc and those 
without seem to behave identically, even after multiple passages. It frankly 
remains a matter of speculation in the stem cell field the best way to identify, 
expand and employ human NSCs. In the absence of reliable, unambiguous, 
universally agreed upon and widely verified cell surface or other markers, the 
field still relies upon operational definitions. As indicated in my paper, in 
collaboration with Richard Mulligan and Lou Kunkel at my institution, we are 
devising prospective FACS-based methods for isolating NSCs from neural tissue 
(both rodent and human) that appear Co be based on ceU cycle properties common 
to stem cells from all organ systems. (Indeed the established and proven murine and 
human NSC clones described in the experiments I have referred to in my 
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presentation segregate to and virtually engorge the 'bin' that selects stem cell 
populations, and cells in this bin have been shown to be NSCs by criteria 
employed by even other investigators, e.g. 'sphere formation', etc.) 

The loss of ^-myc expression spontaneously and constitutive! y from stably 
engrafted NSCs following transplantation is consistent with the invariant 
absence of brain tumours derived from implanted v-;wyf-propagated NSCs, even 
after several years in vivo in mice. With human NSCs, as with , mouse NSCs, 
expanded in this manner, neoplasms are never seen. We have begun to entertain 
the hypothesis that -v-myc may help to maintain cells in the cell cycle — hence 
holding their differentiation in abeyance— just long enough for them to exit the 
celJ cycle within the transplanted brain as opposed to the- culture dish and hence 
engraft and integrate optimally having been influenced maximally by their 
environment. (Cells that exit the cell cycle and pre-differentiate in the dish rather 
than in the recipient brain tend to engraft quite poorly.) We are also beginning to 
hypothesize, based on our observations, that v-mjc may both preclude senescence 
of NSCs even after multiple passages as well as insuring that the cells maintain their 
NSC character— i.e. preventing phenotypic ;drift' — from passage-to-passage 
over prolonged periods of time. If you put v-wj-r- containing mouse cells or 
human cells into serum-free medium without a defined mitogen, they will come 
out of the cell cycle and differentiate, so v-myc alone is not sufficient to maintain 
cells in the cell cycle. 

T>rtce: The issue surely would be whether the ceUs are more susceptible to 
becoming transformed. This is sUghtly different, and would be the crucial issue if 
one is thinking in terms of therapy. Transformation is thought to be a multistep 
process, and you have pushed your cells at least one step closer to transformation. 
Therefore the probabihty that a subpopulation of the cells can emerge that were 
transformed is raised. 

Snyder: I actually don't beheve that such cells have been pushed a step closer to 
'transformation'. As you have indicated, we now appreciate that the development 
of a neoplasm is a much more complex, multifactorial process than was originally 
believed in the 1 980s. It entails a number of aberrations, beyond just the presence of 
one or even multiple genes. There are fundamental ceUular processes that must go 
awry. (Indeed, even the term 'oncogene' has become passe— at least among ' 
oncobiologists; indeed most of the 'oncogenes' of the 1980s — trk, wnt, 
erbB4, /wj/f — have lost that designation as a better understanding of their 
fundamental ceUular role has unfolded.) My bias is that, if the correct genes are 
used to permit maintenance in the cell cycle while in vitro but not in vivo — genes 
that are controlled constitutively and in self-regulated manner by the normal 
cellular processes that routinely chaperone ceU cycle regulatory processes— then 
there is no more risk (and perhaps less risk) than taking a cell and 'bathing' it 
chronlcaUy in a mitogen. Probably our notions of what it takes to really 
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'transform' a cell are somewhat naive. Over 14 years, both in our lab and in the labs 
of multiple collaborators throughout the world, there have been thousands and 
thousands of mice transplanted with genetically propagated cells without a single 
neoplasm, actually a better track record than some growth factor-perpetuated cells 
after prolonged passages. 

It probably bears discussing that, although die term 'transformation' is casually 
and usually mcorrectly tossed about by non-oncobiologists in the NSC field even 
manipulated NSC clones never meet the established, rigorous criteria that properly 
define that term invitro or invivo; such clones respond to and respect all appropriate 
growth control signals for cell cycle withdrawal, differentiation and interaction 
with host cells. In culture, they become contact-inhibited, cannot grow in soft 
a'^ar.-.contain normal arrestable actin stress fibres and have a normal cell cycle 
length. When tested in nude mice, neoplasms never develop. In normal grafting 
studies, bram tumours are never seen; donor-derived cells insinuate themselves 
seamlessly and non-disruptively into the host cytoarchitccture. They never form 
mappropriate cell types. Furthermore, the total number of cells (host-plus-donor) 
observed in a given engrafted region always equals that observed in an analogous 
region of an untransplanted animal (i.e. host cells alone), suggesting that donor 
NSCs do not abnormally augment or deform their region of integration, but 
rather compete equaUy for space with host progenitors. These observations are in 
agreement with the finding that, when recipient animals are 'pulsed' with BrdU, 
the proportion of donor cells that are still mitotic falls to zero by 48-72 h post- 
engraftment in non-iesioned, non-neurogenic regions, a phenomenon that 
mirrors their behaviour in culture following contact inhibition. Accordingly 
transplanted mice never exhibit neurological dysfunction, and CNS regions 
within which donor cells engraft develop normally. In fact, recent studies have 
shown that they function in concert with host cells in a physiologically 
appropriate manner. Indeed, some of the clones of murine NSCs we have used 
(which happen to be genetically propagated) have been most useful in helping to 
delineate fundamental stem cell properties (in addition to being among the safest 
and most efficacious to date). 

It actually still remains uncertain the best way to expand and propagate stem 
cells. There appears to be litde doubt diat expansion by some technique of the 
relatively small NSC populadon that exists in the brain will be required at some 
stage in the process in order to make therapeutic interventions practical Our 
data, especially with human NSCs, that clones propagated by one technique or 
the other seem to behave virtuaDy identically, suggests that the door has been 
thrown open for investigators and/or clinicians to pick the technique that best 
serves their clinical or research demands. Importantly, these findings have helped 

unify various research directions in this field: insights from Studies of NSCs 

perpetuated by one technique can now be legitimately joined to those derived 
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from studies employing others, providing a more complete picture of NSC 
bioJogy and its applications. (In fact, for some needs, because the key to 
exuberant engraftment is insuring that NSCs exit the cell cycle at precisely the 
right time— within the parenchyma, not outside it— self- regulated genetic 
means may actually prove to be the easier, safer, more cost-effective and reliable 
of strategies. Furthermore Svendsen has begun to marshal evidence that 
mitogen-mediated expansion alone may confront a Hayflick-like phenomenon of 
inherent senescence that may require blunting by genetic means.) 

Whether re-deriving stable, well-characterized clones for each clinical situation 
is prudent or effective by whatever means remains to be empirically determined. 
While the field has been contemplating of late the value and feasibility of isolating 
adult NSCs from a given prospective recipient for subsequent autologous grafting, 
It should be noted that, for neurodegenerative diseases of possible genetic 
aetiology or predisposition — among them, Parkinson's disease — one clearly 
would not employ such a strategy. Indeed, the most effective and safest NSC 
clones (human or otherwise) — and the tacit goal within the stem cell 
community — is to derive human NSCs that can serve as 'off-the-shelf reagents 
and behave like established, stable, physiologically normal, well-characterized, 
homogeneous, readily accessible, abundant and universally tolerated cell lines. 
Regardless of how these debates settle out over the next few years of empirical 
Study, the human NSC clones described by us here— if not the cells that actually 
go to clinical trials — can clearly serve as prototypes and the experiments in which 
they are used as proofs-of-principle for reporting on the efficacy of NSCs in these 
neurodegenerative environments. Based on our results to date using such murine 
and human NSCs in various disease models, they certainly can help establish a 
therapeutic standard diat should be at least met by any method proffered for 
generadng NSCs for clinical use. To achieve less may mean failing to truly realize 
or unlock the capabilities of the NSC. 
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ABSTRACT 

In this work, we show that the embryonic human brain contains multipotent centra] nervous sys- 
tem (CNS) stem cells, which may provide a continuous, standardized source of human neurons that 
could virtually eliminate the use of primary human fetal brain tissue for intracerebral transplan- 
tation. Multipotential stem ceUs can be isolated from the developing human CNS in a reproducible 
fashion and can be exponentiaUy expanded for longer than 2 years. This aUows for the establish- 
ment of continuous, nontransformed neural cell Imes, which can be frozen and banked. By clonal 
analysis, reverse transcription polymerase chain reaction, and electrophysiological assay, we found 
that over such long^erm culturing these cells retain both multipotentiality and an unchanged ca- 
pacity for the generation of neuronal ceUs, and that they can be induced to differentiate into cate- 
chlaminerglc neurons. Finally, when transplanted into the brain of adult rodents iramunosuppressed 
by cyclosporin A, human CNS stem cells migrate away from the site of iiyection and differentiate 
into neurons and astrocytes. No tumor formation was ever observed. Aside from depending on scarce 
human neural fetal tissue, the use of human embryonic CNS stem cells for clinical neural trans- 
plantation should provide a reUable solution to some of the major problems that pertain to this field, 
and should allow determination of the safety characteristics of the donor cells in terms of tumori- 
genicity, viability, sterility, and antigenic compatibility far in advance of the scheduled day of 
surgery. 

Key words: cell replacement, human stem cells, neural transplantation. EGF, FGF2 



INTRODUCTION 

ANY EXPERIMENTAL REPAIR STKAiEGY aimed at the de- 
velopment of therapies for the cure of neuixxlegen. 
erative disorders must take into account the inherent lack 
of regenerative capacity of the central nervous system 
(CNS) of adult mammals. Neural u-ansplantation repre- 
sents one of the most iimovative approaches directed at 
restoring neurological function through the replacement 
of cells lost to injury or disease by means of intracere- 
bral grafting of embryonic cells, which possess the nec- 



essary differentiation potential and plasticity to func- 
tionally integi^te into the damaged neural circuitry (BrUs- 
tle and McKay, 1996; Gage and Christen, 1997). In this 
pca-spective, implantation of embryonic CNS precursors 
is currently under afctive investigation in various animal 
models of neurological disorders, including metabolic 
deficit (Snyder et al., 1995)» Huntington's disease 
(Peschanski et al.. 1995)> and Parksinson's disease 
(Olanow et al., 1996) as well as spinal cord injuries (An- 
derson et al., 1995; Mon et al., 1997). 

The development of intracerebral transplantation in hu- 



National Neurological Lisotutc *'C. Besta," Milan, Italy. 

689 



FROM BIOMEDICAL INFORMATION SERVICE 



(FR I ) 7. 20" 01 11: 57/ST. 1 1 : 55/NO. 4862641 61 9 



VESCOVI ET AL. 



mans is presently hamp.cred by the need of using human 
brain tissue of fetal origin. The scarcity of this material 
is compounded by practical issues such as age of the 
donor, viability, contamination, and heterogeneity of tis- 
sue as well as ovenvhelniing ethical and mora! concerns 
(Bjorklund, 1993). 

It has been proposed that neural precursor expanded in 
culture may represent a suitable alternative to fetal tissue 
in brain transplantation. In this perspective, CNS stem 
cells (Davis and Temple, 1994) appear to be an elective 
choice because of their extended proliferative potential 
and their capacity to generate all three main brain cell 
types (Reynolds and Weiss, 1992; Gritti et al.. 1996). 

In this work, we present data concerning the isolation, 
characterization, and manipulation of multipotential stem 
ceUs from the human embryonic CNS and show that they 
can effectively be expanded in an undifferentiated stale 
for over 2 years in vitro. During this time, they retain sta- 
ble functional features, which means that they retain both 
a steady growth profile and multipotcntiality. Human 
CNS stem cells are plastic and can be induced to differ- 
entiate into neurons displaying a catecholaminergic phe- 
notype. FoUowing transplantation into the adult rat brain 
these cells survive and differentiate into neurons and as^ 
trocytes. 



METHODS AND RESULTS 

Since the basic conditions that allow for the growdi of 
rodent stem ceUs were not sufficient for the culturing of 
human CNS stem cells (Svendsen et al., 1996;. Chalmers^ 
Redman, 1997), specific culnjre conditions had to be es- 
tablished. Diencephalic and cortical stem cells were iso- 
lated from 10.5>week post conception human embryos, 
by mechanical dissociation, and could be cultured in NS- 
A basal medium (Euroclone, Scotland) containing 2 mM 
1-glutamine, 0.6% glucose, 9.6 /ig/ml puirescine, 6.3 



ng/ml progesterone, 5.2 ng/ml sodium selenite, 0.025 
mg/ml insulin, 0.1 mg/ml transferrin, and 2 ^g/ml of he- 
parin (sodium salt, grade H, Sigma) in the presence of 
both cpidennal growth factor (EGF) and fibroblast 
growth factor 2 (FGF2), at a final concentration of 20 
ng/ml and 10 ng/ml, respectively. The required simulta- 
neous exposure to both growth factors (GFs) is an iden- 
tifying feature that distinguishes human stem cells from 
their rodent counterparts, as the latter can be cultured in 
the presence of each of these GFs alone (Reynolds and 
Weiss, 1992; Gritti et al., 1996). 

Two to 4 days after plating at less than 5 x 10^ 
ceUs/cm^, cell death rapidly ensued. However, a minor 
subset of the total cell plated entered an active mitotic 
state, proliferated, and gave rise to spherical, floating 
clones of ceUs called neurospheres, which firet appeared 
between 7 and 15 days. Cells within the spheres were 
negative for markers of neural differentiation but ex- 
pressed the neural precursor antigen nestin. Cultures 
could then be harvested, mechanically dissociated, and 
replated as a single-cell suspension under tiie same cul- 
ture conditions. New spheres were generated by 8-12 
days, depending on the area of origin of the cells. Hu- 
man stem cell cultures could be serially passaged in this 
manner for over 2 years, yielding an exponential, con- 
sistent increase in the total cell number. Over this time, 
human CNS stem ceUs retained nestin expression and 
lacked specific markers of differentiation. However, by 
clonal analysis, these cells were Shown to be multipo- 
tential. A single cell monitored by time-lapse micropho- 
tography was shown to generate a neurosphere (Fig. 1), 

whose progeny were plated onto an adhesive substrate 

and aUowed to spontaneously differentiate foUowing re- 
moval of GFs. By indirect immunocytochemistry, a sin- 
gle stem cell was seen to give rise to neurons, astrocytes, 
and oligodendrocytes, thus showing its multipotcntiality. 
The fact tiiat similar results were obtained when clonal 
analysis was repeated at increasing subculture passages 



B 
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demonstrates that muldpotentiality is an intrinsic feature 
of human stern cells that is stably retained over time. 

Self-renewal is an essential feature of stem cells (Lo- 
effler and Potten. 1997). Self -renewal can be achieved by 
fixed asymmetric divisions in which one stem cell gives 
rise to one differentiated cell and lo one offspring iden- 
tical to itself, or at the level of ceU population by a mix 
of asynmietric divisions and symmetric cycles in which 
either two differentiated daughters or two stem cells are 
produced. In a population that expands in culture, multi- 
ple symmetric division of the last kind must occur. We 
showed this by a cloQOgenic assay, in which a clonal 
sphere (Fig. 1) was dissociated and its progeny replated 
at clonal density to give rise to secondary spheres. These 
were then either subcloned once more, or differentiated 
and immunolabeled for neuronal and glial antigens. 
These experiments showed that a single human neural 
stem cell generates multiple secondary stem cells that are 
identical lo itself and that preserve multipotentjal fea- 
tures. Hence, human stem cells are capable of self-re- 
newal and achieve this function by undergoing multiple 
synunetric divisions in which two stem cells are gener- 
ated. 

Quantitative immunofluorescence analysis of differen- 
tiated cell subtypes 4 days after differentiation was initi- 
ated showed that 13%, 75%. and 1.2% of the stem cell 
progeny differentiated into neurons (by anti-^-tubulin- 
immunoreactiviiy; -IR), astrocytes (by glial fibrillary 
acidic protein-IR; GFAP), and oligodendrocytes (galac- 
tocerebroside-IR; GC), respectively. Neuronal differenti- 
ation was confirmed by the immunochemical and mol- 
ecular demonstration of additional lineage markers such 
as micro tubule-associated proteins 2 and 5, Tau-1 pro- 
tein, neuron-specific enolase and neurofilaments, and by 
the detection of cells endowed with typical neuronal elec- 
trophysiological features, including the capacity to elicit 
bona fide action potentials that were reversibly inhibited 
by letradotoxin and 4AP. More importantly, the number 
of neurons generated by serially subcultured human CNS 
stem cells did not change over time, as the same, per^ 
centage of neuronal cells could be identified in human 
CNS stem cell cultures at early and late passages (13% 
and 12.7%. respectively). Altogether, these fmdings 
demonstrate that stem cells can be isolated from the em- 
bryonic human CNS and can be consistendy expanded 
in an undifferentiated state by means of GF-mediatcd epi- 
genetic stimulation. Over long-term subculturing, these 
stem cells retain multipotentiality, consistent growth fea- 
tures, and an unchanged spontaneous capacitj' for neu- 
ronal differentiation. Additionally, human CNS stem 
cells can be cryopreserved easily and efficiently for ex- 
tended period of times. 

When differentiated stem cell progeny were analyzed 



for expression of specific neurotransmitter characteris- 
tics, only the GABA-ergic phenotype could be con- 
firmed by both detection of glutamic acid decarboxylase 
(67kD isofonn) and GABA. However, the differentia- 
tion potential of human CNS stern cells from both dien- 
cephalon and cortex appeared to be broader than ex- 
pected. In fact, both stem cell types could be induced to 
express the catecholamine synthesis-limiting enzyme ty- 
rosine hydroxylase (TH). Expression of TH occurred in 
cells expressing the neuronal marker )3-tubulin, however, 
was not a spontaneous process, as it required the simul- 
taneous exposure of cells undergoing differentiation to 
both FGF2 and Sato/N2 serura-free medium conditioned 
by a 80% confluent rat glioma cell line (BB49) for 48 
h. TH induction was gradual, peaked at a value of 6% 
of the total cell number by 5-7 days following induc- 
tion, and occurred in approximately 30% of the differ- 
entiated neuronal progeny (Vescovi et al., 1997). Ex- 
pression of TH was confirmed at the RNA and protein 
level by reverse transcription polymerase chain reaction, 
immuDOcytochemistry, and Western blotting (Fig. 2). 
Removal of FGF2 and glial conditioned medium did not 
result in loss of TH expression. Thus, the plasticity of 
human CNS stem cells allows for specific neuronal sub- 
types to be generated under specific differentiation con- 
ditions. 

The induction of the catecholaminergic phenotype in 
stem cells derived from human neurons underlines how 
human stem cells may be used for intracerebral transplan- 
tation in Parkinson's disease as weU as other neurological 
disorders. Hence, in a series of preliminary experiments, 
we attempted to demonstrate the engraftabiHty of long- 
term cultured human CNS stem ceUs. Passages 26 through 
34 human diencephalic stem cell cultures were harvested 
4-6 days after the induction of differentiation by GF re- 
moval and plating onto polyoniithine-coated plastic dishes. 
Cells were labeled while dividing in vitro for 6 days in the 
continuous presence of 0.75 fiM 5-bromodeoxyuridine 
(BrdU) and were mildly dissociated by extrusion through 
a narrowed, fine-polished glass pipette. Then. 1-3 ^tl of a 
2.5 X 10'' cell/ml siispension were transplanted into the ip- 
silateral striatum of adult Sprague-Dawley rats via a 30 
gauge cannula at a controlled rate of 0.1-0.5 /xl/min. 
Stereotaxic coordinates were A/P, +0^; M/L, -3.1; and 
D/V, —4.8. Animals were chronicaDy immunosuppressed 
by administration of cyclosporin cyclosporinA (Sandim- 
mune; 0.1 mg/ml) in their drinking water. Detection of in- 
jected cells was performed by immunostochemistry with 
an anti'BrdU antibody. Four and a half months following 

transplantation, 123% of the total cell injected could be de- 
tected by anti-BrdU immunolabeling. which had migrated 
as far as 1 .2 nun rostrally and 0.9 nun radially from the 
injection site. Double immunocyiochemistry showed the 
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tor relvS^lrut^J . dicncephaUc stem cells (passages 20 through 36) were differentiated either by growth fee- 
lO^ZlofV^ T TJi'^T? P'*'^"^'' °f conditioned by B49 glioma celU supplemented with 

??Hlfl™L?„^AW ^""^f immunonuoresceoce demonstrated the presence of the tyrosine hydroxylase 

CTH) protein (A) in neuTooal cells mm^unoreactive for the early neuronal marker ^-tubulin (B). The expression of TH <Sn 



presence of cells expressing either the neuronal marker 
NSE or the glial antigen GFAP among the BrdU-labeled 
cells. Neuronal differentiation was further confiimed by 
the detection of cells expressing the human specific neu- 
rofilament antigen. Tumor formation was not observed. 



DISCUSSION 

These data confirm that human stem cell progeny can 
survive transplantation into the aduh rodent brain, mi- 
grate from the transplantation site, and differentiate into 
astrocytes and neurons. These findings support their sys- 
tematic use as donor tissue for neural transplantation, as 
they may offer several advantages to preclinical and clin- 
ical studies. Human CNS stem cells provide control over 
variables that currently affect clinical neural transplanta- 
tion, such as cell viability and the composition of donor 
material. Additionally, since differentiation can be initio 
ated by varying the culture conditions, donor cells can be 
harvested and transplanted at specific stages of matura- 
tion. Biosafety and histocompatibility features can be pre- 
detennined far ahead of the day of surgery (Olanow et 
al., 1996). 




FIG, 3. Stem cells could be isolated from the subventricular ri 
gion of the lateral ventricles of adult nonhuman primates (Mccaca 
rrmlatta). Single hypcitrofic cells (A) proliferated and gave rise to 
clusters of cells (B, C) that, following serial subculturing, were 
plated onto polyoraithiDCK^ated glass (D) coverslips and differ- 
entiated to generate astroglial {E; GFAP) and neuronal cells (F 
MAPI). Bars - A-D 20 Mm, b^ A; E, F 20 ^m, bar in F ' 
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Although the use of human CNS stem cells will signif- 
icantly reduce the need for fetal tissue, a definitive answer 
to the moral and ethiciU issues raised by the use of this ma- 
terial may come only from the use of stem cells derived 
from the human adult CNS as they may be used for ther- 
apeutic autologous transplantation. In a set of preliminary 
experiments, we applied the above methodology to cul- 
tures established from the subventricular zone of the lat- 
eral ventricles of adult nonhuman primates {Macaca mu- 
latto). Intriguingly, cells that underwent proliferation when 
exposed to EGF and EGE^ could consistently be isolated 
from this region. However, cell proliferation was ex- 
tremely slow, and the doubling time for these culmres ex- 
ceeded 15 days in vitro. Similarly to their rodent and hu- 
man embryonic counterparts, monkey SVZ cells ceased 
proliferation and rapidly differentiated when GFs were re- 
moved from the culture medium. Both astroglial and neu- 
ronal cells could be detected within the differentiated prog- 
eny. Unfortunately, tlie vast majority of the cells appeared 
to differentiate into astroglial cells as demonstrated by ex- 
pression of GFAP, while the detection of cells expressing 
the neuronal markers MAP2 and Tau-1 was infrequent 
(less than 1% of total cell number. Fig. 3). Hence, although 
it appears that the adult primate brain contains neural pre- 
cursors capable of neuronal and glial differentiation, it is 
clear that the proper conditions for efficient isolation, ex- 
pansion, and differentiation of these cells still have to be 
identified and require further investigation. Nevertheless, 
as our understanding of their basic physiology improves, 
new therapeutic approaches to neurological disorders will 
be developed in which the use and manipulation of stem 
cells may play a pivotal role. 
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DECLARATION UNDER 37 C.F.R S 1,132 

I, LARS WAHLBERG, hereby declare and state as follows: 

1 . I received my B.S in Biochemistry and Biophysics from the University of Houston in 
1980., my M.D. from University of Texas in 1985 and my Ph.D. degree from the Karolinska 
Institute, in 1997. I am both a neurobiologist and a board certified neurosurgeon. I have been 
working in the field of cell and molecular neurobiology and in neurosurgery since 1985, and with 
neural stem cells since 1994. 

2. I am currently employed as Chief Operating Officer and Executive Vice President at 
NsGene (Copenhagen, Denmark) and I am directing the research in cell biology and 
neurosurgery. Prior to this, I worked at CytoTherapeutics, Inc. (now StemCells, Inc.), the 
company that is the exclusive licensee of this patent application. At CytoTherapeutics, I was 
Director of Core Technology and in charge of the neural stem cell program and I am familiar 
with this patent application and the neural stem cell cultures and methods of using them that this 
application describes (such as the pending claims which are directed to methods for transplanting 
neural stem progeny into a host). 



3. I understand that the Examiner has rejected the pending claims under 35 U.S.C. §112 
contending that "[t]he claims are not enabled because the transplantation of multipotent neural 



stem cell progeny into a host has not been demonstrated to provide any therapeutic benefit to the 
host." ) 



4. I make this declaration to rebut the Examiner's rejection, with which I do not agree. In 
view of the express statements in the specification regarding transplantation of neural stem cell 
cultures and the voluminous experimental evidence that has been accumulated confirming these 
statements in the specification, in my opinion, the ordinarily skilled artisan would be able to 
routinely transplant the described neural stem cell cultures without undue experimentation as of 
the filing date of this application. I am also of the opinion that, although the claimed methods do 
not state or require any therapeutic benefit, the transplantation of neural stem cells into a host has 
been clearly demonstrated to confer a therapeutic benefit, and that the ordinarily skilled artisan 
would believe that such transplantation would provide a therapeutic benefit to the host. 

5. Prior to this invention, the operating dogma in neurobiology was that the brain was 
relatively quiescent, and that there was no "stem cell" that could be proliferated and then 
differentiated to form the three major cell types in the central nervous system (/.e., neurons, 
astrocytes and oligodendrocytes). The neural stem cells described for the first time in this 
invention, and the ability for the art (provided by the inventors here) to obtain proliferating 
cultures of those cells, has been widely hailed as a landmark in neurobiology. In fact, over 500 
published references cite one of the early publications that describe this invention (Reynolds and 
Weiss, Science 255:1707-10 (1992)). A number of these publications demonstrate that a 
therapeutic benefit is conferred when neural stem cells are transplanted into a host. I will discuss 
these in detail below, 

6. As a general matter, it is my view, based on my knowledge of the field and based on the 
voluminous citations to the inventors' work, that researchers of ordinary skill in the relevant arts 
clearly recognized the importance of the Applicants' invention and relied upon it in their 
subsequent work. In my opinion, the Applicants' invention discloses paradigm-shifting 
technology and is a vitally important finding in the field of neurobiology. I am of the firm view 
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that the claimed methods for transplanting neural stem cells are enabled, and I provide my 
detailed thoughts below. 

7. I believe that the neural stem cell cultures of this invention are particularly suited for 
transplantation, since, until this invention, cultures of proliferating neural cells have not been 
available to the art. Further, in the claimed transplantation methods, the tissue source is well- 
defined, reproducible, and is not derived from an oncogene-immortalized cell line (thus being 
non-tumorigenic). See, specification, pg. 11, lines 15-20. In fact, another of the named 
inventors. Dr. Baetge, has concluded that such neural stem cell cultures are "ideal" for nervous 
system transplantation. See, Baetge et al, 695 Ann N.Y. Acad. Sci. . pp. 285-291 (1993). 
Multiple other workers in the field, including myself, have reached the same conclusion. 

8. I understand that the specification contains explicit guidance about how to transplant 
CNS neural stem cells {see, specification, pg. 36, line 10, to pg. 42, line 13; pg, 68, line 16, to pg. 
69, line 18; pg. 78, line 17, to pg. 71, line 6; pg. 96, line 12, to pg. 97, line 28), and that the 
specification provides working examples of neural stem cell transplantation in various disease 
models, including, e.g., Huntington's disease, Parkinson's disease, and cardiac arrest. See, e.g., 
specification, pp. 96-101. In addition, the specification teaches and discloses the types of 
diseases to which the invention is directed. {See pg. 40, lines 9-18). The specification also 
provides exemplary teaching of where to transplant the cells of the claimed invention. {See, e.g., 
pg. 38, lines 17-30). Further, the specification teaches and discloses how to monitor the 
transplanted cells. (iSeepg. 39, lines 16-31). Additionally, the specification teaches and 
discloses how to get the transplanted cells to proliferate in vivo. {See pg. 52, line 14 through 
page 47, line 26). In addition, based on my personal experience, I believe that the ordinarily 
skilled artisan would know how to actually carry out the step of transplanting the neural stem cell 
cultures of this invention according to the claimed methods given that the art is replete with 
examples of transplantation of various other tissues or cells into various parts of the brain 
(witness, e.g., transplantation of porcine neural cells and fetal human cells). For this reason, in 
my view, it cannot be disputed that the ordinarily skilled artisan, with the specification in hand, 
would be able to transplant neural stem cell cultures into a host; that is, the ordinarily skilled 
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artisan would know how to use the invention as claimed. I do not believe that the Examiner 
disputes this; rather I believe that the Examiner is asking for additional proof that the ordinarily 
skilled artisan would believe that making such a transplantation would confer a therapeutic 
benefit. I have provided that proof below. 

9. I understand that the specification provides forty-five (45) in vitro and in vivo examples 
relating to generation and use of neural stem cell cultures. Among these examples are detailed 
various standard, well-accepted animal models of various human diseases, including, e.g,, animal 
models for Parkinson's disease and Huntington's disease. Applicants also disclosed treatment of 
neurodegenerative disease using progeny of human neural stem cells proliferated in vitro; 
remyelination in myelin deficient rats using neural stem cell progeny proliferated in vitro; 
remyelination in human neuromyelitis optica; and remyelination human Pelizaeus-Merzbacher 
disease. (See Specification, Examples 14-17). 

1 0. I have read Dr. Hammang's December 2000 Declaration and I agree with his views 
expressed therein. In particular, Dr. Hammang gave two reasons why the ordinarily skilled 
artisan would reasonably expect that the claimed transplantation methods would provide a 
therapeutic benefit; (1) that the transplanted neural stem cell cultures secrete cellular products 
which are capable of providing a therapeutic benefit to the host, and (2) that the neural stem cell 
cultures exhibit tissue-specific differentiation upon transplantation. I agree with Dr. Hammang. 
In my view, either of these facts would inescapably lead the ordinarily skilled artisan to conclude 
that transplantation of such neural stem cell cultures would have a reasonable expectation of 
success in providing a therapeutic benefit to the host. 

A. Transplantation of Neural Stem Cell Progeny 

According to the Claimed Methods For Delivery 
of Cellular Products Provides a Therapeutic Benefit 

1 1 . Applicants' neural stem cell cultures have been shown to be a useful tool for delivery of 
secreted cellular products which provide a therapeutic benefit when transplanted into the host. I 
draw the Examiner's attention to three publications that demonstrate that transplantation of 
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cultures of neural stem cells that have been genetically modified to secrete nerve growth factor 
("NGF"), according to the claimed methods, provides a therapeutic benefit. 

12. Andsberg et al., "Amelioration Of Ischaemia-Induced Neuronal Death In The Rat 
Striatum By NGF-Secreting Neural Stem Cells", Europ. J. Neuroscience, 10, pp. 2026-2036 
(1998) (co py attached as Ex . 1) reports that transplantation of NGF-secreting neural stem cell 
cultures into the adult rat striatum following middle cerebral artery occlusion ameliorated the 
death of striatal projection neurons that would have otherwise died due to the ischaemic insult. 
This clearly demonstrates a therapeutic benefit of the claimed methods. 

13. Carpenter et al, "Generation and Transplantation of EGF-responsive Neural Stem Cells 
Derived From GFAP-hNGF Transgenic Mice", Exp. Neurology, 148, pp. 187-204 (1997) (copy 
a ttached as E x. 2) reports that transplantation of NGF-secreting neural stem cell cultures into the 
adult rat striatum produced dense sprouting of p75 neurotrophin receptor-positive fibers 
emanating from the underlying basal forebrain - a significant morphological change compared to 
controls, which I believe would be considered a therapeutic benefit in hosts where such neuronal 
regeneration and sprouting were desired. The authors conclude that "[t]he use of neural stem 
cells for transplantation into the CNS offers a number of advantages over transplantation of 
primary tissue or other cell lines." See p. 202. This to me also clearly demonstrates a therapeutic 
benefit of the claimed methods. 

14. Kordower et al., "Grafts of EGF-responsive Neural Stem Cells Derived From GFAP- 
hNGF Transgenic Mice: Trophic and Tropic Effects in a Rodent Model of Huntington's 
Disease", J. Comp. Neurol., 387, pp. 96-1 13 (1997) (copy attached as Ex. 3) reports that 
intrastriatal transplantation of NGF-secreting neural stem cell cultures into an adult rat model of 
Huntington's disease (the well accepted and widely used quinolinic acid lesion model) resulted in 
sparing of striatal neurons immunoreactive for glutamic acid decarboxylase, choline 
acetyltransferase, and neurons histochemically positive for nicofinamide adenosine diphosphate. 
In addition the NGF-secreting transplants produced robust sprouting of cholinergic fibers from 
subjacent basal forebrain neurons. The authors conclude that "[tjhese data indicate that cellular 
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delivery of hNGF by genetic modification of stem cells can prevent the degeneration of 
vulnerable striatal neural populations, including those destined to die in a rodent model of HD 
and supports the emerging concept that this technology may be a valuable therapeutic strategy for 
patients suffering from this disease." See p. 96. In my view, the authors clearly demonstrated a 
therapeutic benefit and clearly expressed their viev^ that the results in the model are predictive of 
the human condition. For this reason, these data also clearly demonstrates a therapeutic benefit 
of the claimed methods. 

B. Transplantation of Neural Stem Cell Progeny 

According to the Claimed Methods For Tissue-Specific 
Differentiation Provides a Therapeutic Benefit 

1 5. Applicants' neural stem cell cultures have been shown to be useful tool for tissue-specific 
differentiation to provide a therapeutic benefit when transplanted into the host. I draw the 
Examiner's attention to several new publications that demonstrate that transplantation of cultures 
of neural stem cells provide such a therapeutic benefit. 

16. Qu et aL, "Human Neural Stem Cells Improve Cognitive Function of Aged Brain", 
Ageing, 12, pp. 1 127-1132 (2001) (copy attached as Ex. 4) report that when human neural stem 
cells were transplanted into aged rats (about 24 months old), according to the claimed methods, 
the cells not only survived, but also retained their multipotency and migratory ability. The results 
show that the human neural stem cells not only successfully differentiated into neurons and 
astrocytes, but importantly "both neurons and astrocytes migrated into the cortex and 
hippocampus in a well-defined and organized pattem in the brain." See p. 1 132. Finally, the 
results demonstrate significantly improved cognitive function (in the standard and well accepted 
Morris water maze model). In my view this clearly demonstrates a therapeutic benefit of the 
claimed methods. 
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1 7. Akiyama et al., "Transplantation of Clonal Neural Precursor Cell Derived From Adult 
Human Brain Establishes Functional Peripheral Myelin in the Rat Spinal Cord", Exp. Neurol., 
167, pp. 27-39 (2001) (copy attached as Ex. 5) reports that human neurosphere cultures (/.e., an 
expressly disclosed embodiment of the neural stem cell cultures of this invention) when 
transplanted (according to the claimed methods) into a demyelinated adult rat spinal cord 
produced extensive remyelination with a peripheral pattern similar to Schwann cell myelination 
characterized by large cytoplasmic and nuclear regions, a basement membrane, and PO 
immunoreactivity. Importantly, "the remyelinated axons conducted impulses at near normal 
conduction velocities". See p. 27. In my view this clearly demonstrates a therapeutic benefit of 
the claimed methods. 

1 8. Kurimoto et al., "Transplantation of Adult Rat Hippocampus-Derived Neural Stem Cells 
into Retina Injured By Transient Ischemia", Neuroscience Letters, 306, pp. 57-60 (2001) (copy 
attached as Ex. 6) reports transplantation of rat neural stem cell cultures into the eyes of adult rats 
that underwent ischemia-reperfusion injury. The in vivo retinal ischemia-reperfusion model is a 
standard (and well accepted) experimental model that has been used to investigate the damage to 
the retina induced by transient ischemia. The authors report that in the eyes with the ischemia 
insult, the intravitreally injected neural stem cells invaded the retinal ganglion cell layer within a 
week of the transplantation and were identified in the retinal inner nuclear layer two weeks after 
the transplantation. At four weeks the donor cells were integrated into the host retina and 
expressed Map2ab, which indicated that the cells had differentiated into mature neurons. By 
comparison, in the control, none of the transplanted cells migrated to the retina. The authors 
conclude that "neuronal stem cells are good candidates to reconstruct the neural circuitry of 
ischemic injured retina, and show the potentiality of therapeutic transplantation using neuronal 
stem cells on retinal impairments that are generally regarded as incurable." See p. 59. I conclude 
from this that, both the authors (and myself) believe that this clearly demonstrates a therapeutic 
benefit of the claimed methods. 

19. Likewise, Nishida et al., "Incorporation and Differentiation of Hippocampus-Derived 
Neural Stem Cells Transplanted in Injured Adult Rat Retina", Investigative Ophthalmology & 
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Visual Science, 41, pp. 4268-4274 (Dec 2000) (copy attached as Ex. 7) report that transplantation 
of neural stem cells into mechanically injured adult retina results in incorporation and subsequent 
differentiation of the grafted stem cells into neuronal and glial lineages. Importantly, the authors 
conclude that "[njeural stem cells are expected to be useful clinically for replacing damaged 
neurons or for ex vivo gene therapy." See, p. 4271. This statement confirms my statements 
throughout this declaration, and I believe is reflective of the general opinion of those of ordinary 
skill in the art. 

20. I also refer the Examiner to Milward et al, 50 J. Neurosci. Res. 862-871 (1997) 
CMilwarcT') (Ex. 8). Milward successfully transplanted canine CNS neural stem cells both into 
rat and into a shaking (sh) pup myelin mutant dog (a model of human myelin diseases). In 
Milward, canine neural stem cell cultures were transplanted into the myelin-deficient (md) rat 
spinal cord, resulting in the production of myelin by graft-derived cells {see, Milward, pg. 868, 
col. 1, 2""^ para.), demonstrating that transplanted CNS neural stem cells can differentiate in the 
recipient to form myelin-producing oUgodendrocytes and therapeutically provide myelin to 
recipients. The Milward shaking pup canine model is a particularly harsh model of dys- 
myelination. The pups are bom with little to no myelin sheath. The Milward data demonstrate 
that that the present invention can be used to provide myelination in an almost myelin-fi-ee in 
vivo environment. In addition, as Milward reports, the grafted cells had integrated normally into 
the adult sh pup cytoarchitecture. See, p. 867, right column. This is powerful support that 
transplantation of such neural stem cell cultures would be usefiil in providing a therapeutic 
benefit to the host. This is particularly true in "real-life" disease situations where de-myelination 
is a relatively slow process occurring not globally but in patches. * 

The Akiyama paper discussed above confirms that the remyelination effected by 
transplantation of neural stem cells (as demonstrated in Milward), in fact, is funcfional and 
therapeutic (as it restores near normal conduction velocifies to the remyelinated axons). 

I understand that the Examiner has indicated that "the formation of myelin, as described 
by Milward et al, did not result in producing a therapeutic effect in the animal. Thus, Milward 
et al. does not demonstrate application of the claimed method to produce a therapeutic effect." 
(Office Action, pages 4-5). I disagree with the Examiner's characterization of Milward, and, it is 
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my opinion that the Akiyama paper discussed herein confirms my earlier conclusions regarding 
Milward. In my view, the ordinarily skilled artisan would expect that replacement of myehn on 
demyelinated axons would confer a therapeutic benefit, since the "replaced" myehn provides the 
missing insulation that is necessary to support impulse conduction. The Examiner does not 
explain why she believes that Milward does not produce a therapeutic effect, and I believe that 
Akiyama directly supports that a therapeutic benefit is conferred. 

21 . I also refer the Examiner to Zhang et al, 96 Proc. Natl. Acad. Sci. USA 4089-94 (1999) 
{''Zhang'') (Ex. 9). Zhang reports similar results, in which neural stem cell cultures were 
generated from both juvenile and adult rats and used to produce myelin- forming cells, and when 
transplanted into md rats, those cells produced "robust myelination". See, Zhang, pp. 4093-94. 
For the reasons discussed above, this too, in my view, would lead the ordinarily skilled artisan to 
conclude that transplantation of such neural stem cell cultures would be usefiil in providing a 
therapeutic benefit to the host. 

I understand that the Examiner has stated that "this 'robust myelination' in fact did not 
produce a therapeutic effect in the host." (Office Action, page 5) However, the Examiner has 
not provided any evidence for this assertion. Moreover, I disagree with the Examiner's 
contention. As noted above, the ordinarily skilled artisan would expect that replacement of 
myelin to demyelinated axons would confer a therapeutic benefit. I believe that Akiyama directly 
supports that a therapeutic benefit is conferred. 

22. Likewise, I also refer the Examiner to Briistle et al, 16 Nature Biotechnol.. pp. 1040- 
1044 (1998) {''Briistle'') (Ex. 10). Brustle describes the implantation of fetal human CNS 
progenitor cells into mice that "acquire an oligodendroglial phenotype and participate in the 
myelination of host axons". 

The Examiner has stated that, because Brustle 's experiments were conducted in healthy 
animals, no therapeutic effect was demonstrated because the "function of the cells upon 
transplantation is not sufficient to support enablement because there is not sufficient guidance for 
using the transplantation method therapeutically in diseased animals." (Office Action, page 5). 
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I disagree. Briistle did demonstrate that the transplanted cells functioned as expected 
after transplantation - and participated in the myelination of host axons. I believe that 
demonstration of ability to myelinate axons (as Briistle *s experiments showed) would lead one of 
ordinary skill in this art to reasonably expect that these cells would provide a therapeutic benefit 
in the appropriate disease environment. Additionally, in view of Akiyama, I do not believe the 
Examiner can maintain the position that the claimed methods do not produce a therapeutic 
benefit in demyelinating/dismyelinating disorders. 

23. Others have also demonstrated that these neural stem cell cultures, when transplanted, 
are, in fact, capable of replacing the critical functions of lost or deficient neural populations. See, 
e.g.. Flax et aL, 16 Nature Biotechnol. , pp. 1033-1039 (1998) ("F/ax")( Ex. 11). Flax showed 
that transplantation of CNS neural stem cells provides a therapeutic benefit in the meander tail 
(mea) mouse, a well-known and well accepted mouse mutant model characterized by a cell- 
autonomous failure of granule neurons to develop or survive in the cerebellum, especially the 
anterior lobe. Flax transplanted human CNS neural stem cells into newborn mea cerebella and 
confirmed that the human neural stem cells provided "replacement neurons" with the "definitive 
size, morphology, and location of cerebellar granule neurons (Fig. 6E-G)" (Flax, pg. 1037, col. 
2,2"^ para). 

Thus, in my view, Flax showed that transplanted CNS neural stem cells are able to 
differentiate in the recipient to form granule neurons and to therapeutically provide replacement 
neurons to recipients (such as these mea mice). In my view, this ability to replace damaged or 
missing neurons is unequivocal evidence of a therapeutic benefit upon transplantation of neural 
stem cell cultures, as claimed here. Moreover, my view has also been supported independently 
by other workers in the field who reviewed this Flax, Nature Biotech paper. See Zigova & 
Sanberg, 16 Nature Biotcchnol. . pp. 1007-1008 (1998) CZigova'') (Ex. 12) which states that the 
Flax data "provides strong evidence that the NSCs [neural stem cells] are able to perform in vitro 
and in vivo all the critical functions previously described for their rodent counterparts" (Zigova, 
pg. 1007, middle column). 

I understand that the Examiner has indicated that the "'replacement neurons' in fact did 
not produce a therapeutic effect. Thus, it is unclear how the claimed method can be used for 
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therapy, since no teachings are provided to allow the skilled artisan to produce 'replacement 
neurons' for therapy." (Office Action, page 6). I disagree with this position. Flax transplanted 
NSCs into a murine model characterized by a failure of granule neurons to develop or survive in 
the cerebellum. The results of these experiments with this model demonstrate that the NSCs 
differentiated into neurons of the appropriate size, morphology, and location. Flax concluded 
that "engrafted NSCs of human origin appear sufficiently plastic to respond appropriately to 
varying local cues for lineage determination." 

Thus, in this animal model that is lacking a certain type of neuron, Flax demonstrated that 
transplantation of neural stem cell cultures replaced the missing neurons. In my opinion, these 
results are clear evidence of the therapeutic effect of the claimed invention because the results 
demonstrate that transplantation of neural stem cells according to the claimed methods results in 
tissue-specific differentiation. 

24. I also referred to Fricker et ai, 19 J. Neurosci. . pp. 5990-6005 (1999) ("Fricker'') (Ex. 
1 3). Fricker showed that when CNS neural stem cells were transplanted into neurogenicregions 
in the adult rat brain, the subventricular zone, and hippocampus, the in vitro propagated cells 
migrated specifically along the routes normally taken by endogenous neuronal precursors: along 
the rostral migratory stream to the olfactory bulb and within the subgranular zone in the dentate 
gyrus. The in vitro propagated cells exhibited site-specific neuronal differentiation in the 
granular and periglomerular layers of the bulb and in the dentate granular cell layer. 
Additionally, the CNS neural stem cells also exhibited substantial migration within the non- 
neurogenic region, the striatum, and showed differentiation into both neuronal and glial 
phenotypes. Thus, in my view, Fricker confirmed the ability of the human neural stem cells to 
respond in vivo to guidance cues and signals that can direct their differentiation along multiple 
phenotypic pathways. 

The Examiner noted that the ability of human NSCs to respond in vivo to guidance cues 
and signals that can direct their differentiation "has not as yet been exploited to develop 
methodology to produce a therapeutic effect." (Office Action, page 6). Again, I do not agree 
with this characterization. In my view, one skilled in the art would recognize the importance of 
Fricker' s discovery that the NSC cultures are able to respond in vivo to surrounding signals and 
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cues in the treatment of a variety of CNS diseases and disorders. Thus, it is my opinion that the 
work reported by Fricker could be used by those skilled in the art to achieve a therapeutic benefit 
in a patient being treated. 

25. I also draw the Examiner's attention to Aboody et al., 97 Proc. Natl. Acad. Sci. USA , pp. 
12846-51 (November 2000) {'"Aboody'') (ExJ4)^ Aboody expressly states {see, e.g., throughout 
the paper, and particularly Abstract and p. 12851) that neural stem cell cultures provide a 
transplantation "platform" since upon transplantation those cells can both continue to express a 
foreign gene and migrate in a site specific fashion in host tissue for "dissemination of therapeutic 
genes". 

In response, the Examiner has states that "Aboody et al., does not teach the steps required 
to transplant NSCs in a manner such that a therapeutic effect is produced." (Office Action, pages 
6-7). To the contrary, it is my belief that Aboody's characterization of the neural stem cell 
cultures as a transplantation "platform" is sufficient evidence of a therapeutic benefit - 
specifically, those skilled in the art would be able to use these cells in the claimed methods to 
achieve such a therapeutic benefit without undue experimentation. 

26. Finally, I draw the Examiner's attention to several additional publications that, in my 
view, clearly demonstrate that the art is of the view that the claimed transplantation methods 
would provide a therapeutic benefit. In particular, see e.g. Ourednik et al, Novartis Foundation 
Symposium 23 L Pub. John Wiley & Sons, Ltd. (2000) (Ex. 15 ), which is titled "Neural Stem 
Cells Are Uniquely Suited For Cell Replacement and Gene Therapy in the CNS". This title 
alone captures the sentiments expressed throughout my declaration. See also Vescovi et al., 
"Isolation and Intracerebral Grafting of Nontransformed Multipotential Embryonic Human CNS 
Stem Cells", J. Neurotrauma, 16, pp. 689-693, p. 689 (1999) (Ex. 16), which states "the use of 
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human embryonic CNS stem cells should provide a reliable solution to some of the major 
problems that pertain to this field 



27. For all the foregoing reasons I believe that the Examiner should withdraw the rejection 
and allow the pending claims. 



I further declare that all statements made herein of my own knowledge are true and that 
all statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Secfion 1001, Title 18, United States Code, 
and that willful false statements may jeopardize the validity of this application and any patent 
issuing therefrom. 



Signed at Copenhagen, Denmark 
this 30* day of July, 2001 
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Amelioration of ischaemia-induced neuronal death in the 
rat striatum by NGF-secreting neural stem cells 



Keywords: ischaemia, ex vivo gene transfer, gene therapy, nen/e growth factor, stroke 



Abstract • 

S »rc>^oc "emical and s,e,eological technigues. The fecKaer* insult '^"^ 'rlTSZon,,^- 
der^onstrated surviving grafted cells in the lesioned striatum In all transplanted rats. The loss of stnatal 

Sr™S o, n«.ral stem cells can ameliorate death ot stnatal p-oiection neurons 

caused by transient focal ischaemia. 



Introduction 

Nerve growth factor (NGF). brain-derived neurotrophic factor 
(BDNF)» neurotrophin-3 {NT-3) and neurotrophin-4/5 (NT-4/5) belong 
to a family of highly bioactive peptides, called neurotrophins, with a 
broad range of effects on neurons, including protective actions 
(Lindvall etaL 1994; Lewin & Barde, 1996, for review). The 
expression of the neurotrophins and their receptors is regulated by a 
variety of acute insults to the brain, including epileptic seizurer,v 
hypoglycaemic coma, cerebral ischaemia and traumatic injury (Gall 
& Isackson, 1989; Ballarin et al. 1991; Emfors et c/., 1991; Lindvall 
etal. 1992; Merlio etaL 1993; Mud6 etal. 1993). The increased 
synthesis of NGF and BDNF triggered by these conditions has been 
interpreted as an intrinsic neuroprotective response of the damaged 
brain (Lindvall era/., 1994; Koisiinaho & Hokfelt, 1997). This has 
raised the possibility that administration of one or more of the 
neurotrophins might be a useful strategy to protect injured neurons 
from dying in the event of an acute neurodegenerative disorder. In 
support of this idea, exogeneously supplied NGF has been reported 
to counteract death of hippocampal neurons exposed to hypoglycaemia 
in vitro (Cheng & Matison, 1991) and of CAl neurons following 
transient global forebrain ischaemia in rats in vivo (Shigeno et a/., 
1991; Pechan etal, 1995). although this was not observed by others 
(Beck etal, 1992). 



Biological delivery of neurotrophic factors is an effective approach 
for administering these peptides locally into the manmialian brain. 
Their poor diffusion properties, short half-life in the brain interstiuum. 
and the physiological hmit that the blood brain barrier represents for 
the systemic administration of neurotrophic factors, have previously 
made it necessary to use intraventricular or intracerebral injections 
or infusions. Such procedures often cause traumatic, chronic brain 
injury and, in addition, are of limited duration. RecenUy developed 
techniques for gene transfer, especially those based on ex vivo gene 
transfer of transgenic neurotrophic proteins to different types of 
carrier cells and subsequent engraftment, have been established 
as more useful approaches with clear impact on functional brain 
neuroprotection (Fisher & Ray, 1994; Gage etal. 1995; Snyder & 
Macklis, 1995; Martinez-Sertano & Bjorklund, 1996a; Martinez- 
Serrano & BjOrklund, 1997). For example, NGF-secreting fibroblasts, 
baby hamster kidney cells or neural progenitor cells are able to rescue 
basal forebrain cholinergic neurons after various lesions or reverse 
age-dependent atrophy of these neurons, improving cognitive function 
(Stromberg et aL 1990; Dekker et al, 1994; Winn et aL 1994; Chen 
& Gage, 1995; Maru'nez-Serrano etal, 1995a, b). 

Medium-sized spiny projection neurons constitute the vast majoniy 
of neurons in the adult striatum (Heimer et aL. 1995). These neurons. 
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most of which are GABAergic, are particularly susceptible to cell 
death induced by cerebral ischaennia (Pulsinelli et al, 1982; Pulsinelli, 
1985; Goto etai, 1993) and excitotoxins (Boegman etaL 1987; 
Davies & Roberts, 1988; Heal etaly 1989; Forloni etal, 1992; 
Fisueredo-Cardenas etal, 1994). Striatal projection neurons express 
iri functional high-affinity receptors for BDNF and NT-3» i.e.. TrkB 
and TrkC, respectively, but not the NGF receptor. TrkA. or the low- 
affinity neurotrophin receptor, ^15^ (Merlio et aL 1993; Sobreviela 
etal, 1994). Despite the lack of the functional receptors for this 
neurotrophin, biologically delivered NGF has been reported to coun- 
teract the death of striatal projection neurons caused by excitotoxic 
insults. Thus, Schumacher, Frim and collaborators (Schumacher et al, 
1991; Frim etal, 1993a, b) initially described that intrastriatal grafts 
of fibroblasts, genetically modified to produce NGF, ameliorated the 

fscts of quinolinic acid lesions in the rat striatum. Their findings 
w ere subsequently confirmed and extended using immortalized neural 
stem cells or epidermal growth factor-responsive stem cells as the 
carrier of the NGF gene (Martfnez-Serrano & Bjorklund, 1996b; 
Kordower et a/., 1997). These studies have demonstrated that biologic- 
ally delivered NGF can have generalized neuroprotective effects in 
the striatum, even on projection neurons not expressing NGF receptors 
at detectable levels. 

The main objective of the present study was to explore the 
possibility that NGF, secreted by grafts of ex vivo transduced neural 

.-m cells, could counteract the death of striatal projection neurons 
caused by transient focal ischaemia. We used inununocytochemical 
techniques in combination with stereological procedures to quantify 
the loss of these neurons at 48 h after 30 min of middle cerebral 
aneiy occlusion (MCAO). This ischaemic insult was chosen because 
the brain damage is largely restricted to the lateral striatum, and 
cerebral cortex shows much less neuronal death (Memezawa etal, 
1992b; Kokaia etal, 1998). It is conceivable that the MCAO elicits 
both apoptotic and necrotic death (Linnik et aL, 1993; Li et al, 1995; 
Charriaut-Marlangue etal, 1996; Du etai, 1996). with apopiosis 
h,:alized to the penumbra area and necrosis predominating in the 
ischaemic core (Charriaut-Marlangue etal, 1996), Grafting was 
performed 1 week prior to MCAO to allow for migration of the 
NGF-secreting cells into the striatal parenchyma (Lundberg etal, 
1997) and to avoid that the surgical procedure per se or disruption 
of the blood-brain barrier would influence the extent of the isch- 
aemic lesion. ..^ 

Materials and methods 
Animals and experimental design 

Twenty-eight adult, male Wistar rats (Mollegaard's Breeding Centre, 
Copenhagen, Denmark) weighing 267-325 g at the time of MCAO 
were used. The rats were housed under 12 h light/12 h dark conditions 
with ad libitum access to food and water. One week prior to the 
ischaemic insult (Fig. 1), the animals were randomly allocated to 
three experimental groups and either injected with vehicle {n = 8) or 
grafted with control-HiB5 cells (« = 10) or NGF-HiB5 cells (n = 
If^) unilaterally in the striatum. After fasting overnight with free 
. :ess to water, all animals were subjected to MCAO for 30 min. 
The rats were killed 48 h after the ischaemic insult. 

Culture of neural stem cell lines and ex vivo NGF gene 
transfer 

The generation and characterization of the NGF-secreting and control 
cell lines used in the present experiment (clones E8 and DU, 
respectively) have been described in detail previously (Martinez- 



Serrano etal, 1995b). The parental, conditionally immortalized, 
neural stem cell line was the E16 rat hippocampus-derived HiB5 cell 
line (Renfranz etai, 1991), modified to produce and release mouse 
NGF by reu-oviral transduction. Cells were expanded at the permissive 
temperature for the immortalizing protein (+ 33 "C, tsA58/U19 
mutant allele of the SV40 large T-antigen) in Dulbecco*s modified 
Eagle's medium (DMEM. Gibco, Life Technologies AB. Sweden), 
supplemented with 10% foetal bovine serum, 2 mM glutamine, and 
10 000 units/mL streptomycin and 10 000 units/raL penicillin. Prior 
to transplantation, the cells were labelled in culture for 72 h with 
^H-thymidine lOfiCi/mL (Amersham). For grafting, a single cell 
suspension with 150000 cells/^L was prepared in Hank's balanced 
salt solution (Gibco) by trypsinization of nearly confluent monolayers. 

Cell transplantation 

To test whether neural stem cells of Sprague-Dawley origin (as the 
HiB5 derivatives used here) can survive transplantation into Wistar 
rats without immunosuppression, a separate group of three male 
Wistar rats (300 g body weight) were grafted with control cells in 
the right and NGF cells in the left striatum. The rats were anaesthetized 
with Equitesin (3 mL/kg i.p.). fixed in a Kopf stereotaxic frame and 
1 ^iL of suspension containing « 100 000 cells was then injected per 
side using a 10 Hamilton syringe. Coordinates with tooth bar at 
-2.3 mm below the interaural line were AP = 0.2. L = 3.5, V = 5.5. 
[AP, anterior or posterior to bregma; L. lateral to midline; V, vertical 
from dura according to the atlas of Paxinos and Watson (Paxinos & 
Watson, 1997). all distances in (mm),] These animals, which were 
not subjected to MCAO, were killed by tran-scardial perfusion of 4% 
paraformaldehyde after one week and then processed for ^H-thymidine 
autoradiography (see below). 

The other animals received NGF-producing or control cells or 
vehicle at three injection sites with two deposits at each site in the 
right striatum. The coordinates were with tooth bar set at -2.3 mm 
below the interaural line. Injection site 1: AP = 1.5, L = 2.5, V = 
5.5 and 4.5; injection site 2: AP = 0.2, L = 3.0, V = 6.5 and 5.5; 
injection site 3: AP = -0.9, L = 4.2. V = 6.5 and 5.5. One microlitre 
of cell suspension was injected at each deposit (2 \iL per injection 
site), the total number of cells per animal being about 900 000. 

Middle cerebral artery occlusion 
" - Anaesthesia was induced by inhalation of 3.5% halothane in N2O : O2 
(70 : 30). The animals were intubated and then artificially ventilated 
with 1-1.5% halothane using a small respirator. A polyethylene 
catheter was inserted into the tail artery for sampling and blood 
pressure recording. Arterial blood pressure and body temperature were 
monitored using MacLab data acquisition system (AD Instruments, 
Australia). During surgery, ventilation was adjusted according to p02. 
PCO2 and pH values. Physiological parameters, as measured before 
occlusion, are presented in Table 1. The MCAO was performed 
according to the technique described by Koizumi etaL (1986) and 
modified by Zhao etaL (Zhao etal, 1994; Kokaia etaL, 1995). In 
brief, the right common, internal and external carotid arteries were 
exposed and the external carotid artery was ligated. The common 
carotid artery was closed by a ligature, and the internal carotid artery 
was temporarily closed by a microvascular clip. To prevent thrombosis, 
30 IE heparin was given intra-arterially. A filament made from a 
monofilament fishing line (Stren, supertough, 0.25 nun diameter, Du 
Pont, Wilmington, DE, USA) with a melted tip (0.28 mm diameter) 
and a distal cylinder of silicon mbber (Silastic E, Dow Coming, MI. 
USA) was inserted into the internal carotid arteiy through the conimon 
carotid artery and advanced to block the blood flow in the middle 
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insult 
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^ t t 

Neurological evaluation 



+48 h 



.1 ^-iic v*»h:rlp-iniected one week before the focal ischaemic insult, 

assessment was carried out 1 h before and I and 24 h after MCAO. 



TABLE I. Phys iological parameters and neurological scores in rats subjected to middle c erebral artery occlusion 

Physiological parameters 



Neurological scores 



Group 



Glucose 
Weight (g) (mM) 



Vehicle-inj- 298 ±6 3.8 ± 0.3 
NGF-graft 303 ±4 5.0 i 0.4 
Control-graft 301 ± 7 5.0 ± 0.3 



pH 

7.43 ± 0.01 
7.46 ± 0.01 
7.45 ±0.01 



pC02 
(mmHg) 

36.8 ± 1.1 

33.9 ± 0.8 
36.2 ± 0.8 



pO: 

(mmHg) 

108.8 ± 3.8 

118.8 ±3.3 

112.9 ± 4.4 



Blood pressure 
Temp. rO (mmHg) 



37.0 ±0.1 

37.1 ±0.1 
37.3 ±0.1 



110.0 ±3.4 
117.4 ±2.3 
117.0 ±4.5 



Before 
MCAO 

5.0 ± 0.0 
4.4 ± 0.3 
4.8 ± 0.2 



1 h after 
MCAO 



24 h after 
MCAO 



l.0±0.2 4.6 ±0.3 
1.6 ±0.4 4.2 ±0.3 
2.0 ± 0.4 4.6 ± 0.3 



Dunn post-hoc test). 



cerebral artery. When the surgical procedure had been completed, 
anaesthesia was discontinued and the rat was awake after 10-15 min. 
Reperfusion was started after an occlusion time of 30min by 
withdrawal of the filament under brief anaesthesia using halothane 
(1 5%) in N,0 : O2 (70 : 30). The MCAO was carried out blmdly. i.e.-,. ,, 
without knowing which experimental group the animals belonged to. 

Neurological evaluation 

Neurological examination was carried out blindly just before and at 
1 and 24 h after MCAO (Fig. 1). The main aim of this analysis was 
to provide a measure of successful MCAO and recirculation. Fore- 
and hindlimb placing was assessed mainly according to De. Ryck 
etal. (1989), and circling towards the paretic side was evaluated as 
previously described by Bederson etal. (1986). 

The placing of the fore- and hindlimb on the side conttalateral to 
MCAO, was examined when the limb. genUy pulled down and away 
from a table edge, suddenly was released. To evaluate hindlimb 
placing, the left side was perpendicular to the edge of a table and for 
forelimb placing the forepaws were perpendicular to the table edge 
with head and whiskers outside the edge. The placing of each limb 
was graded as 'no' placing (score 0). 'incomplete' and/or 'delayed' 
(> 2 s) placing (score 1), and 'correct' placing (score 2). Circling 
was evaluated when the rat was allowed to move freely in an open 
area. Circling to the non-occluded side was scored as 0 and no 
circling as 1. The scores for fore- and hindlimb placing and circling 
behaviour were summed up for each animal (maximum score = 5). 



Animals which were fully awake and had lost one grade or more in 
the neurological scoring at 1 h after MCAO were included for 
further analyses. 

Immunocytochemistry 

Animals were deeply anaesthetized with chloral hydrate (400 mg^g) 
and transcardially perfused with physiological saline followed by ice- 
cold 4% paraformaldehyde in 0.1 M phosphate buffer. The brains were 
removed, postfixed with the same fixative overnight and equilibrated in 
30% sucrose. Series of 40-nm-thick sections were taken through the 
striatum, and stored cryoprotected at -20 'C until use. For free- 
floating immunocytochemical stainings, the sections were nnsed and 
endogenous peroxidase quenched in 3% H3O2. After blocking m 
appropriate serum, the sections were incubated overnight (for ChAi, 
incubation with the primary antibody was for 72 h at 4 'C) with the 
primary mouse monoclonal antibody. After rinsing, sections were 
incubated with the appropriate biotinylated-secondary antibody (horse 
antimouse), reacted with ABC Kit (Vector, Burlingame, USA), and 
peroxidase was then developed in a nickel-intensified DAB reacuon. 
Antibody titres and sources were as follows: against dopamine- 
and adenosine 3':5'-monophosphate-regulated phosphoprotein with a 
molecular weight of 32 kDa (DARPP-32. marker for striatal projection 
neurons) 1 : 20000, a gift from Dr R Greengard, Rockefeller Univer- 
sity New York. NY. USA, against neuronal-specific antigen (Neur*, 
marker for postmitotic neurons) 1 : 100. a gift from Dr R. J. Mul cn. 
University of Utah, Salt Uke City, UT. USA. and against choline 
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Fig. 2. Survival and integration of transplanted cells. Adjacent sections 
immunostained for DARPP-32 (A) or subjected to ^H-thymidine 
autoradiography and counterstained with cresyl violet (B), to illustrate graft 
survival at different locations and lesion severity. Arrows in B depict one 
implantation site. The location of the higher magnification photomicrographs 
in C-E is indicated in A. Grafted ceils (identified by silver grains on the 
autoradiogram) are illustrated in regions with minor (C), intermediate (D) and 
severe ischaemic damage (E). Note the preferential distribution of the cells 
in grey matter areas (G). The asterisk in E denotes a blood vessel. W, white 
matter. Scale bar = 1.5 mm in A and B and 18 \im in C-E, 



acetyliransferase (ChAT. marker for cholinergic neurons) 1 : 1000. 
Cheniicon. ---^ 

^H-Thymidine autoradiography 

One series of sections from each of the grafted animals was mounted 
w:i slides, dehydrated and delipidated before immersion in autoradio- 
graphic emulsion {K5, Ilford). The sections were left for 5 weeks at 
-20*0 in the dark, and then developed. Before coverslipping, the 
specimens were counterstained with cresyl violet. 

Morphometric analysis 

The number of DARPP-32- and NeuN-immunopositive neurons was 
quantified using stereological procedures, which allow for unbiased 
estimates of cell numbers within a defined brain structure (Gundersen 
to/m 1988). Analyses were performed using the Computer Assisted 
Stereological Toolbox (CAST)-GRID software (Olympus. DK A/S. 
Albertslund, Denmark), controlling an X-Y-Z motorized Olympus 
BH-2 microscope stage. Images were first acquired with a CCD-IRIS 
colour video camera and the borders of the striatum were marked at 
small magnification (X4) using the computer mouse. Cells were then 
counted at X40 magnification in randomly selected fields chosen by 
the computer controlling the stage. 
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DARPP-32- and NeuN-immunoreactive neurons were first quanti- 
fied in the vehicle-injected, control-cell-'^nd NGF-cell-grafted striata 
at four representative coronal levels through the striatum: 1, AP 
1.7 imn; 2, AP 0.7 mm; 3, AP -0.3 nun; 4. AP -1.4. mm. In six 
randomly selected animals, the non-lesioned side was analysed 
similarly in order to obtain cell counts from the intact striatum. Using 
image analysis (CAST-GRID software), measurements of the whole 
striatum and the area devoid of DARPP-32 immunostaining were 
made at the same levels and the remaining, non-lesioned area, was 
calculated thereafter. In a separate analysis, the number of DARPP- 
32-positive neurons was counted stereologically in 17 sections spaced 
at 320-^m intervals throughout the striatum (from 2.0 mm rostral to 
3.3 nun caudal to bregma) in animals receiving control or NGF- 
secreting transplants. Due to their lower numbers, the ChAT-positive 
cholinergic intemeurons were counted manually and blindly at the 
four coronal levels defined above, using xlO magnification. 

Statistical analysis 

Evaluation of differences in the number of immunopositive cells and 
in the area with remaining DARPP-32 inununoreactivity between the 
intact striatum and the lesioned striatum in the three experimental 
groups, as well as differences in neurological scores and physiological 
parameters were performed using one-way analysis of variance 
(anova) followed by the indicated post-hoc tests. Numbers of DARPP- 
32 positive neurons in sections throughout the striatum from control 
and NGF-cell grafted rats were compared using one-tailed unpaired 
Student's /-test. To compare numbers of ChAT-positive neurons 
between the striatum ipsilateral and contralateral to MCAO, paired 
Student's Mest was used. Significance was set at P < 0.05. 

Results 

■ Physiological parameters and neurological assessment 
Table 1 shows physiological parameters as measured 1 week postgraft- 
ing and just before the induction of ischaemia. There were no 
significant differences between the experimental groups. The neuro- 
logical assessment performed 1 h before MCAO revealed a mild 
impairment in two animals with control-cell grafts and in three 
animals with NGF-secreting grafts. These rats exhibited a slight 
deficit in hindlimb placing, which suggests that the surgical procedure 
used here may cause a minor brain damage in some rats. However, 
■"-V. there were no significant differences in neurological scores between 
the groups. When the rats were evaluated at 1 h after MCAO, marked 
neurological impairment was observed in the majority of animals. In 
four animals (two in the conuol-cell group, one in the NGF-cell 
group and one in the vehicle-injected group), the MCAO did not 
result in any deficit, indicating unsuccessful occlusion. These animals 
were not included in the further analysis. The other rats exhibited 
circling behaviour to the non-occluded side and showed no placing 
of the hindUmb. The placing of the forelimb was delayed or incorrect. 
The neurological scores in these remaining animals (seven vehicle- 
injected, eight control-cell grafted and nine NGF-cell grafted) did not 
differ between the groups. At 24 h after MCAO, there was marked 
behavioural recovery in all animals, without any significant differences 
between the groups (Table 1). 

Survival of grafted cells 

The focal ischaemia model used here has been extensively character- 
ized in Wistar rau (Memezawa etaL, 1992a.b; Zhao etai, 1994; 
Kokaia etal, 1995), and we therefore performed all experiments on 
animals of this strain. Because the HiB5 cells and their derivatives 
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FIG. 3. Overview of ischaemic damage. DARPP-32. and NeuN-immunostained sections from a ^ej^^^^*^^^^^^^^^^ 

extent of the lesion is illustrated at four coronal levels distributed throughout the striatum. These levels are marked accordmg to their relative posiuon g 
(in mm) according to the aUas of Paxinos and Watson (Paxinos & Watson, 1997). Scale bar = 3 mm. 



were generated from Sprague-Dawley rats, we first explored whether 
intrastriatal grafts of these cells can survive in Wistar rats without 
immunosuppressive treatment. The use of cyclosporin seemed unfa- 
vourable in the present experiment due to the reported protective 
action of this drug against ischaemic damage (Uchino etaL, 1995). 
Grafted cells were identified using autoradiography combined with 
cresyl violet staining to locate the nuclei of cells labelled with ^H- 
thymidine in vitro prior to transplantation. The survival and distribu- 
tion of the grafted control and NGF-secreting HiB5 cells in Wistar 

,p 1,998 JEnrppcan 



rats, not subjected to ischaemia, closely resembled what has previously 
been described in Sprague-Dawley rats for these and the parental 
HiB5 cell Unes (data not shown; Martfnez-Serrano etaL, 1995b, 
Lundberg etai. 1997). The grafted cells had migrated 1-1.5 nun 
away from the implantation site and seemed to be well integrated 
into the host striatum. No evidence for immunological rejection, e.g. 
lymphocyte infiltration or tissue damage, was obtained. 

Also in the two grafted groups of rats, which had been subjected 
to 30 rain of MCAO. the transplants did not induce any nouceabie 
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disruption of the striatal cytoarchitecture (Fig 2A B . ^^^-^^ f « 
me case in the animals exhibiting mild neurological ''"pa.nnent a 
Z assessment prior to the MCAO. However, these rats showed small 
St^^rSons located close to the needle tracts. Surv.vmg grafted 
crcouW be detected in the striatum of all transplanted amma Is^As 
1 ustSed in Fig. 2. the survival and distribution pattern of the graf ed 
S were dependent both on their location in the stnatum and *e 
verity of the ischaemic lesion in that particular area, as detemuned 
b he loss of DARPP-32-immunoreactive neurons. In regions of 
imerleStellow ischaemic damage (Fig.2C.D), and relauve y 
c r o implant site, groups of grafted cells could be eastiy 
Med. preferably distributed in grey matter zones and mtenmngi d 

with host neurons and glia. The hi^«°>«8f ^^Pf,?""^^^^^ 
cells witii a small cell body size and gUa-Uke morphology, was 
S as Lt observed in other studies involving mtrasmatal 
transplantation of the same cell Unes (Martinez-Serrano e « . 19^ 
MarJnez-Serrano & Bjorklund. 1996b; Lu"dterg a^. 1997)^ In 
regions with severe ischaemic damage, grafted cells could only be 
f^^Tcl'e to the implantation site. The grafted cells » m 
Fig. 2(E) were located in the lateral striatum, m an area with a severe 
ischae Jc lesion. It seems possible that these cells may have survived 
due to their close proximity to a blood vessel. 

Graft effects on ischaemic damage 

The extent of the ischaemic lesion in a representative, vehicte-*"jf 
animal as observed in D ARPP-32- and NeuN-immunostained sections 
is illustrated in Fig. 3 at four coronal levels, "n*';!"'""- ^^'^"^'^^f, 
tb... urea with lost immunoreactivity for DARPP-32 and NeuN. was 
located in the dorsolateral striatum except most caudally. where the 
entire cross-section of this structure was affected. The loss of 
immunoreactivity for DARPP-32 and NeuN closely matched each 
other. The characteristics and extent of the lesion did not differ from 
what has been observed following 30 min of MCAO m ammals not 
subjected to vehicle injection or grafting (Memezawa etal., 1992b. 
KokMaeffl/.. 1998). „ „ 

•: . . The distribution of the ischaemic damage was umform among the 
; vehicle-injected animals, and the borders between lesioned and non- 



lesioned areas were sharp (Figs 3 and 4). Implantation °^ ^^'^^^ 
produ ing control cells caused more variability m the extern of tiie 
fesion fn four out of eight animals in this group the lesion had 
pThy appearance, as compared with one out of seven rats m the 
ScU^d group. The boundaries of the l^ion^w^^^ 
difficult to define. Also in the group treated 
die extent of the lesion varied between rats and m fij« °" "^^^^^ 
animals had a patchy appearance. Two ammals implanted with NGF 
Xlowed is'chaeL damage similar to that in ^-^^^^-^^^^^^^^^^ 
prouD Interestingly, considerably fewer surviving grafted cells coma 
£ SSecTedTn mese animals as compared with the otiier rats in this 
g ou^ m majority of animals with NGF-grafts exhib^d li«^ o 
no ischaemic damage near the implantation sites, identified by the 
Needle S and in tiie rostral and dorsal parts of the striatum Also 
nt iSmic core. i.e. most caudally and later^ly i" the s-a^um 
the lesion appeared to be less severe as compared witii the veh.de 
. In^Sd J control-cell grafted groups, with areas showing nearly 
normal DARPP-32 and NeuN immunostammg. r>K^p.22 

The number of striatal neurons 
or NeuN was first quantified using ^^.'f "^^SK^al procedu^^^^ 
predetermined levels (illustrated in Fig. 3) on the ^^^ of MCAO in 
all rats eiven vehicle injections or grafted with NGF-secreting or 
l:^; cSs as well as Jn the contralateral side '^^^^^^^ 

■ 1 e »ii «rnim« (Vie 5) As observcd with both UAKf r-J^ . 
animals from all groups (fig. a;. fnllowine 
and NeuN immunocytochemistry. the neuronal loss at 48 h following 
m^^ of MCAO was most severe in the caudal striatum. Compared 
wirrLSe tiie reduction of DARPP-32 and NeuN-inununc 
;^t^e neurons at the most caudal ^-tal^evel m velud.^^^^^^^^^ 

Lmals amounted » J^:' ^^^^^^^^ 

figures at the most rostral level were oiiu --ii 

neurons were found in die striatum implanted with control cells m 
neurons were lounu nARPP-32- and NeuN- mmunoposiuve 

to be significantiy higher as compared with both vehicle injectea ^ 
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(n=6) (1=21 



E! HiB5-contiol 
(n=8) 
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Fic 5 Quantitative analysis of DARPP-32- and NeuN-immunoreacuve 
n urons and non-lesioned Striatal area after MCAO. Data are from intact 
(Intact) striatum, contralateral to MCAO. and f™"" 'P«>»!°[tA?''^"Ri 
animals with either vehicle injections (Vehicle), or grafted with NGF- (HiB5- 
NGF) or control-cells (HiB5<ontTOl). Number of neurons was couiited using 
stereological procedures and area of DARPP-32-positive striatal staimng 
iijsilateral to MCAO was measured with computerized image analysis at the 
four levels illustrated in Fig. 3. Significant differences between ^oups are 
indicated by lines above the bars (P < 0.05. one-way analysis of variance 
(ANOVA). followed by Fisher PLSD post-hoc test). 



all four levels) and control-cell transplanted striatum (all levels with 
DARPP-32, three caudal levels with NeuN). The implantation of 
NGF-synthesizing cells was estimated to prevent 45% (mean of data 
from the four levels, range 26-72%) and 46% (range 40-56%) of the 



'45672 9 10 11 12 13 14 15 16 17 
G G 

Rostrocaudal level 

Fig 6 Rostrocaudal distribution of the neuroprotective effect induced by 
NGF-secreting cells. DARPP-32-immunostained striatal neurons were counted 
in eveTsecion. spaced at 320-nm interval, throughout the — •« the 
rats whh control- or NGF-secreting grafts. 48 h after 30 min of MCAO. G 
depicts approximate graft locations. Level 1 atid 17 "-«^nd to +2.0 nun 
and -3 3 rnm. in relation to bregma, respectively (Paxmos & Watson. 1997 . 
Underlinerevels are those illustrated in Fig. 3. P < 0.05. unpaired Student s 
f-test. 



loss of DARPP-32- and NeuN-positive neurons, respectively, observed 
in the vehicle-injected striatum. 

Similar to cell counting, measuremem of the non-lesioned area 
(Fig 5) showed more pronounced ischaemic damage at caudal as 
compared with rostral striatal levels (89 and 35% reduction at most 
caudal and rostral levels, respectively, in vehicle-injected animals). 
Furthermore, this area was significantly larger in NGF-cell-grafted as 
compared with vehicle-injected striata, except at the most rostral 
level However, the difference between striata with NGF-producing 
cells and those with control cells did not reach statistical significance. 

Because the cell deposits were placed at discrete locations, it 
seemed possible that they had induced only local neuroprotective 
effects Therefore, the number of DARPP-32-immunoreactive neurons 
was also quantified in regularly spaced sections throughout the 
entire striatum of animals receiving control- or NGF-cell transplants^ 
Animals receiving NGF-secreting cells had significantly more 
DARPP-32-immunoreactive neurons as compared wiUi rats wim 
control cells at almost every level in the caudal half of the striatum 
(approximately twice the number of neurons) (Fig. 6). Also at more 
rostral levels, the mean number of neurons was higher in even^ 
section in the rats with NGF-grafts. However, due to higher vanabihty 
between animals in the severity of the ischaemic lesion in the most 
rostral striatum, this difference only reached statistical significance 

at one level. . , „.„mns 

We also explored the possibility that the larger number of neurons 
in the strianim witi. NGF-producing grafts could be » "^"J' 
of apossible ischaemia-induced down-regulation of tiie studied protein 
markers instead of reflecting neuronal rescue. However. all ammal 
groups, tiie boundaries of tiie region identified by the »oss °f DARP^ 
"2 iLunostained neurons exacdy overlapped with tiie locauons 
where unequivocal signs of dead neurons (witii shnink. condenseo 
and darkly stained cell bodies) could be observed m paired crcsyi 

■la -fWS feonn«an'Ne«osekncc.As«i-:on..ff««v«« ^"^^^"^^ 
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Fic 7 Demonstration of ischaemic neuronal death. Photomicrographs of a DARPP-32 immunosuined section (A B) and of an adjacent section, swned *uh 
LsylvSTS) lough the striatum of a rat grafted with control-cells and then subjected to 30 min of MCAO. B and D show .he filmed ^^eas m A and 
C re pect veiy i^ hk^er magnificat, Tlteie is a dose correspondence between the area with loss of DARPP-32 .r^unostamed neutons (outhned by a broken 
h^e Tb) and *e ^a confining shrunk, pycnotic neurons as revealed by cresyl violet-staining (outlined in D). Scale bar = 1.5 mm m A and C and 75 ^m 

in B and D. 



violet-stained sections (Fig. 7). This strongly supports the view that 
he lack of DARPP-32 immunoreactivity induced by the present insult 
signifies neuronal death. 

In contrast to the marked loss of DARPP-32-positive projection 
neurons, we observed no significant change of the number of ChAT- 
positive cholinergic intemeurons in the vehicle-injected or control- 
cell grafted striatum following 30 min of MCAO (Table 2). The NGF- 
cell-grafted striatum, on the other hand, showed significantly more 
neurons with detectable levels of ChAT as compared with the intact, 
contralateral striatum at the three rostral, representative levels (81, 
65 and 41% increase, respectively; Table 2). 

Discussion 

The present results indicate that intrastriatal implantation of cells 
genetically engineered to secrete NGF can ameliorate neuronal 
death in the rat striatum at 48 h following 30 min of MCAO. The 
combination of stereological or manual quantification of cell numbers 
and specific neuronal phenotypic markers used here has allowed, for 



the first time, characterization of the ischaemic damage and the 
protective effects at the cellular level. We found degeneration of the 
majority of DARPP-32-immunopositive projection neurons, whereas 
ChAT-positive cholinergic intemeurons were resistant to the ischaemic 
insult (Kokaia etaL, 1998). The NGF-secreting grafts reduced the 
loss of striatal projection neurons by about 45%. 

In most previous studies on focal ischaemia models, the identifica- 
tion of infarcted and surviving tissue has been carried out at the 
macroscopic level, often by the use of vital stains (see for example 
Bederson etaL 1986; Wang e/fl/., 1997). The discrepancy observed 
here between area measurements and unbiased, quantitative assess- 
ment of neuronal numbers indicates that procedures using macroscopic 
analysis of vital staining may not reveal all infonnation that can be 
obtained in the present type of experiment. Quantitative cellular data 
combined with various neuronal markers seem highly warranted, in 
particular, after less severe ischaemic insults, in which selective 
neuronal death is a prominent feature (Memezawa etai, 1992b). and 
in the penumbra area and other transition zones, e.g. close to a trophic 
factor-secreting graft. 
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• ^ ' ' .^ntmiirpral to vehicle injection, or control-cell or NGF-cell grafts in rats subjected to 

Table 2. Number of ChAT-positive neurons in the sinatum ipsi- and contralateral to J 

middle cerebral artery occlusion ^ , - 



AP 1.7 mm 



AP 0.7 mm 



AP -0.3 mm 



AP-1.4 mm 



Group 



ipsi 



contra 



ipsi 



conura 



ipsi 



conmi 



ipsi 



contra 



Vehicle-inj 
NGF-graft 
Control-graft 



57.9 ± 11.9 
91.3 i lO.O* 
78.9 ± 6.2 



51.7 ± 11.3 
50.4 i 6.6 
71.3 ± 10.7 



72.0 i 11.4 
88.3 ± 6.5* 
94.5 ± 7.1 



51.9:!: n.l 
53.7 ± 7.9 
79.0 ± 16.6 



95.1 ±9.8 
85.9 ± 5.4* 
93.0 i 4.8 



71.1 ±7.1 
61.1 ± 3.8 
81.9 ± 16.2 



46.6 ± 6.0 
42.0 ± 8.3 
37.8 ± 7.2 



34.4 ± 5.2 
33.8 ± 6.0 

31.5 ±6.6 



' ~n 11 f«nr rpnrP«:entntive coronal levels throughout the striatum. AP, anterior or posterior to bregma 



In the present experiment, amelioration of neuronal death by the 
NGF grafts was demonstrated at 48 h after the ischaemic insult. It 
mioht be argued that the NGF treatment only delayed and not 
prevented the death of striatal projection neurons and therefore that 
the observed protective effect was only transient. Although this 
possibility cannot be excluded, it seems highly unlikely for several 
reasons. First, in conunst to cerebral cortex, which exhibits delayed 
neuronal death after both focal and global ischaentia, several studies 
have demonstrated that the majority of striatal neurons are damaged 
rapidly, and within 12-24 h, show evidence of cell death after 
ischaemic insults (Pulsinelli et al., 1982; Garcia et al, 1995; Wessner 
et al., 1996). For example, we observed (Z. Kokaia et al., unpublished 
data)' clear degenerative changes in virtually all projection neurons 
in the dorsolateral striatum between 6 and 16 h after 2 h of MCAO. 
Also arguing for a rapid cell loss in this region, we found no 
difference between 48 h and 1 week after 30 min of MCAO in the 
number of remaining striatal neurons (Kokaia etal, 1998). Second, 
the present insult caused a major loss of striatal neurons (60-90%) 
which was markedly reduced by about 45% in animals with NGF- 
secreting grafts. In conclusion, there are no experimental data sup- 
porting a hypothetical scenario in which elevated striatal NGF levels 
would induce a large proportion of striatal neurons, normally otherwise 
degenerating within 24 h after the insult, to survive up to 48 h with 
nomal cresyl-violet-. NeuN- and DARPP-32-staining and then die. 

The properties of the cell line used as carrier for the transgene has 
been described in detail previously (Martinez-Serrano & Bjorklund. 
1996a. 1997; Lundberg etal, 1997). The release rate in virro is 2 ng 
NGF/h/lO* cells, and the cells are able to increase local . NGF 
bioactivity and protein levels in transplanted brain regions up-^-to 
10 weeks posterafting (Martinez-Serrano et al, 1995a,b. 1996). More- 
over. expressU)n at the mRNA level persists even at 9 months 
following transplantation (Marti'nez-Serrano & BjSrklund. 1998). The 
NGF secretion from the present cell line is stable both in a dividing 
culture, after differentiation, and following intracerebral transplanta- 
tion (Martinez-Serrano etal, 1995b). The cells adopt a phenotype 
resembling resident glia and have migrated up to 1-1.5 mm away 
from the implantation site after 1 week. In the present experiment, 
surviving grafted cells with a similar distribution and morphology 
were detected in the striatum at 48 h following ischaemia. It seems 
likely therefore that elevated NGF levels were present in the striatum 
both at the time of MCAO and for 48 h thereafter. In support of this 
idea, significantly more neurons with detectable levels of ChAT were 
found in the striatum with NGF-cell grafts, as previously observed 
also in the excitotoxic model (Martinez-Serrano & Bjttrklund, 1996b). 
This probably reflects increased synthesis of the enzyme triggered by 
NGF (Hagg etal, 1989; Venero etal, 1994; Martinez-Serrano & 
BjOrklund. 1996b). 

Several lines of evidence support that the reduction of neuronal 
death in the striatum induced by 30 min of MCAO in the transplanted 



rats was due to the NGF secretion by the graft. First, no significam 
protective action was observed after either vehicle injection or 
implantation of non-NGF-producing control cells. Second, in the 
group of animals transplanted with NGF cells, the rats which showed 
virtually no reduction of ischaemic damage also exhibited very poor 
graft survival. Third, there were no systematic differences between 
the experimemal groups in the severity of the ischaemic insult. 
Fourth, other studies have shown that NGF can ameliorate death of 
hippocampal CAl neurons induced by transient global ischaemia, 
(Shigeno etal, 1991; Pechan etal, 1995). 

The mechanisms by which NGF ameliorates ischaemic damage in 
the striatum remain' to be elucidated. It is remarkable that the 
protective action is exerted on projection neurons, which lack both 
the hi-'h- and low-affinity receptors for NGF, i.e. TrkA and p75- . 
respeclively (Yan & Johnson. 1989; Sobreviela et al, 1994). However, 
there is good evidence from several lesion models that NGF can have 
protective effects also on neurons not expressing NGF receptors. 
Death of striatal projection neurons following injection of excitotoxins 
in adult rats (Schumacher et al, 1991; Frim et al, 1993a. b; Emerich 
etal, 1994; Martinez-Serrano & Bjorklund. 1996b; Kordower etal, 
1997) or after hypoxic-ischaemic insults in neonatal animals 
(Holtzman etal, 1996) is mitigated by administration of NGF. 
Similarly. NGF protects hippocampal CAl neurons against degenera- 
tion caused by transient forebrain ischaemia in gerbils (Shigeno et al, 
1991) and rats (Pechan etal, 1995). despite the very low levels of 
TrkA expressed in these neurons (Cellerino. 1996). Our data do not 
reveal when, in relation to the insult. NGF has to be administered m 
order to increase the resistance of striatal projection neurons to 
ischaemic damaae. Arguing in favour of an acute protective action 
(Holtzman etal, 1996) found that NGF ameliorated neuronal injury 
in the neonatal striatum when injected intraventricularly just before 
and at 48 h after a hypoxic-ischaemic insult. 

Hypothetically, NGF might counteract several of the molecular 
and cellular mechanisms believed to be involved in mediating 
ischaemic damage, including enhanced production of free radicals or 
nitric oxide, derangemem of cell calcium homeostasis, and release oi 
excitatory amino acids and activation of glutamate receptors. Sup- 
porting a role for NGF in activating free-radical detoxifying systems. 
NGF induced increased catalase levels in cultured PC12 cells (Sampatn 
et al, 1994). and implantation of NGF-producing fibroblasts into the 
rat striatum gave rise to elevated catalase activity (Fnm eial^. 
1994) The elevated striatal NGF levels might also counteract tnc 
neurotoxicity caused by nitric oxide, which is released dunng focal 
ischaemia and reperfusion (Malinski et al, 1993; Kumura et al, 
Sato et al 1994). Treatment with NGF for several days increases tne 
resistance of PC12 cells to nitric oxide (Wada et al, 1996). Further- 
more, intrastriatal grafts of NGF-secreting fibroblasts attenuw 
3-nitrotyrosine formation induced by the mitochondrial ^-niff^ 
propionic acid, possibly by inhibiting nitric oxide pitxluction (Gaipen 
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etai. 1996). NGF has also been shown to prevent the increase of 
intracellular Ca-"^ levels and the degeneration of hippocampal neurons 
exposed to hypoglycaemia in vitro (Cheng & Mattson 1991; Mattson 
& Cheng, 1993). Several studies have demonstrated that NGF can 
reduce excitotoxic neuronal damage in the striatum (Schumacher^/ ai, 
1- 1; Frim etai, 1993a, b; Emerich etaL, 1994; Martinez-Serrano 
& Bjorklund, 1996b). In addition, it cannot be excluded that NGF 
might have altered the pattern of striatal blood flow during and 
following the present insuU. It is unlikely that the protective effect 
was due to a NGF-induced change of postischaemic temperature 
regulation. In a parallel study, with identical experimental groups, 
the animals were normothermic at 1 h after 30 min of MCAO, without 
any difference between the groups (G. Andsberg etai, unpublished 
observations; see also Zhao etai, 1994). 

h conclusion, the present results indicate that elevated levels of 
locally in the striatum increase the resistance of striatal projection 
neurons to cell death caused by transient focal ischaemia. However, 
it must be underscored that our data do not show whether biological 
delivery of NGF might become of therapeutic value in patients with 
su*oke. It now seems highly warranted to clarify the mechanisms of 
neuroprotection by NGF and when, in relation to the ischaemic insult, 
the neurotrophic factor has to be delivered to obtain this effect. Of 
particular importance will be to explore in animal models whether 
treatment with NGF can also ameliorate stroke-induced behavioural 
d^' ::its. 
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ChAT choline acetyltransferase 

DARPP-32 dopamine- and adenosine 3':5'- monophosphate-regulated 
phosphoprotein with a molecular weight of 32 kilodalton 
MCAO middle cerebral artery occlusion 
NeuN neuronal nuclear protein 

NGF nerve growth factor ^' 
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EGF-responsive neural stem cells isolated from mu- 
rine striatum have the capacity to differentiate into 
both neurons and glia in vitro. Genetic modification of 
these cells is hindered by a number of problems such 
ai gene stability and transfection efficiency. To circum- 
vent these problems we generated transgenic mice in 
which the human GFAP promoter directs the expres- 
sion of human NGF. Neural stem cells isolated from the 
forebrain of these transgenic animals proliferate and 
form clusters, which appear identical to stem cells 
generated from control animals. Upon differentiation 
in vitro, the transgenic stem cell-derived astrocytes 
express and secrete bioactive hNGF. Undifferentiated 
GFAP-hNGF or control stem cells were transplanted 
into the striatum of adult rats. One and 3 weeks after 
transplantation, hNGF was detected immunocyto- 
chemically in an halo around the transplant sites. In 
GFAP-hNGF-grafted animals, intrinsic striatal neu- 
rons proximal to the graft appear to have taken up 
hNGF secreted by the grafted cells. Ipsilateral to im- 
plants of GFAP-hNGF-secreting cells, choline acetyl- 
transferase-immxinoreactive neurons within the stria- 
tum were hypertrophied relative to the contralateral 
side or control-grafted animals. Further, GFAP-hNGF- 
gi afted rats displayed a robust sprouting of p75 neuro- 
trophin receptor-positive fibers emanating from the 
underlying basal forebrain. These studies indicate 
that EGF-responsive stem cells which secrete hNGF 
under the direction of the GFAP promoter display in 
vitro and in vivo properties similar to that seen follow- 
ing other methods of NGF delivery and this source of 
cells may provide an excellent avenue for delivery of 
neurotrophins such as NGF to the central nervous 

system, o 1997 Academic Press 



INTRODUCTION 

Until recently, it was thought that cells of the central 
nervous system (CNS) were essentially nonmitotic with 



a limited capacity for self-renewal. This inability would 
limit the potential for the CNS to repair after injury. 
Recently, however, a population of actively dividing 
cells within the subventricular zone of the adult mouse 
brain has been identified (32). In addition, Reynolds 
and Weiss (36) isolated a population of cells from the 
embryonic and adult mouse striatum which can be 
expanded indefinitely in vitro. In the continued pres- 
ence of epidermal growth factor (EOF), these cells 
proliferate and form small clusters of stem cells and 
stem cell progeny In vitro, these stem cells can diflferen- 
tiate into the three major neural phenotypes (neurons, 
astrocytes, and oligodendrocytes), following removal of 
EOF and the addition of a small amount of fetal bovine 
serum (FBS) (37, 38, 43). Clonal analysis of these cells 
indicates that a single cell can give rise to a cell cluster 
containing neurons, astrocytes, and oligodendrocytes 
following diflFerentiation (37). These data indicate that 
these cells possess the characteristics of a CNS stem 
cell including the capacity for self-renewal and multipo- 
tentiality. 

The identification of stem cells in the CNS offers a 
new strategy for treatment of neurodegenerative dis- 
eases, as these cells may provide an optimal source of 
donor material for direct transplantation into the dis- 
eased or injured CNS (10, 15, 42). Currently, CNS 
transplantation studies primarily employ primary fetal 
tissue. The limited availability of suitable tissue, 
coupled with the ethical, technical, and safety issues 
surrounding the transplantation of human fetal tissue, 
poses a significant impediment to clinical progress. The 
ideal source of tissue for neural transplantation would 
be cells that can be exponentially expanded in culture 
without the use of oncogenes, banked, tested for the 
absence of adventitious agents, and cryopreserved. In 
addition, these cells should be capable of differentiating 
into appropriate phenotypes based upon environmen- 
tal cues. Neural stem cells provide such an option m 
that they fulfill all of these requirements. 
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While transplantation of neural stem cells into the 
CNS may provide a means for cellular replacement, 
transplantation of stem cells genetically modified to 
deliver growth factors would provide several advan- 
tages. Endogenous release of growth factors may in-, 
duce the stem cells toward appropriate neuronal pheno- 
types which could facilitate cellular replacement. These 
cells could integrate into the surrounding tissue and 
secrete growth factors directly into the parenchyma. 
These integrated cells would provide trophic support to 
locally damaged cells and could rescue cells from 
damage or death in disease states. In fact, the secretion 
of growth factors such as NGF or BDNF from trans- 
planted HiB5 neural cell lines can protect striatal 
neurons from excitotoxic damage (30). In vitro, growth 
factors such as BDNF (1) have been shown to enhance 
the differentiation of neuronal phenotypes from stem 
cells. In addition, hNGF secreted from encapsulated 
cells will induce hypertrophy and sprouting of the 
endogenous population of neurons (24) and NGF se- 
creted from fibroblast cell lines will protect against 
excitotoxic damage such as quinolinic acid lesions 
(11-14,39). 

To date, genetic modification of neural cells suffers 
from problems of toxicity, genetic instability, and inad- 
equate transfection or infection efiBciency. These inher- 
ent problems make the application of genetically modi- 
fied stem cells for transplantation difficult. However, 
isolation of neural stem cells from transgenic mice in 
which promoter elements direct the expression of a 
gene of interest provides a more stable and efficient 
method of genetic modification (18). In the work de- 
scribed here, EGF-responsive stem cells have been 
generated from transgenic animals in which the GFAP 
promoter directs expression of hNGF. Upon differentia- 
tion, these stem cells are induced to form mature 
astrocytes which secrete bioactive hNGF. We have used 
these cells for transplantation into the adult rat stria- 
tum. These grafts prove to be functional since they^ 
secrete NGF in vivo which induces the hypertrophy and 
sprouting of the endogenous cholinergic neurons within 
the rodent forebrain. 



METHODS 

GFAP-hNGF Construct 

Materials. All enzymes were purchased from Boeh- 
ringer Mannheim (New York, NY). The cloning vectors 
pBS-KS( + ), pUC18, and pcDNAl/Neo were obtained 
from Stratagene (La JoUa, CA), Boehringer Mannheim, 
and Invitrogen (La JoUa, CA), respectively. G418 and 
Dulbecco's modified Eagle medium (DMEM) were from 
Gibco (Grand Island, NY). The calcium phosphate 
transfection kit was purchased from CloneTech (San 
Diego, CA). 



.Construction of the pGFAP-DHFR-l-hNGF expres, 
sion vector The pGFAP-DHFR-l-hNGF expression 
vector was generated through a three-step cloning 
process involving the construction of three interniedi. 
ary cloning vectors: pBS(DX-B)-GFAP.rI2-MPi 
pNUT-MPl-rI2-DSaZI-PacI-AscI, and pGFApJ 
DHFR-1. Briefly, the pBS-KS(+) plasmid was digested 
by BamHl andXhol, overhanging termini were filled in 
with DNA polymerase I (Klenow fragment), and the 
resultant plasmid was self-ligated. The resulting plas. 
mid pBS(DX-B) was digested by Notl and ligated to a 
2964-bp fragment isolated from pGFAP-rI2-MPl-PA2 
that was digested by Bglll, Klenow filled in, and ligated 
to a Notl linker. The resulting plasmid was named as 
pBS(DX-B)-GFAP-rI2-MPl. The pNUT-MPl-rI2 was 
EcoRl digested and overhanging termini were filled in 
with DNA polymerase I (Klenow fragment) and ligated 
to a Pad linker. A 3216-bp Sall/BamBl fragment 
containing the MPl and pUClS regions isolated from 
the above resulting plasmid pNUT-MPl-rI2-PacI was 
ligated to a 3083-bp SalVBamEI fragment containing 
the DHFR, MT-1, and rI2 regions isolated from pNUT- 
MPl-rI2-DSaZI. The resulting plasmid pNUT-MPl- 
rI2-DSaZI-PacI was then Sail digested and then over- 
hanging termini were filled in with DNA polymerase I 
(Klenow fragment), ligated to an AscI linker, and 
self-ligated generating the final intermediary cloning 
vector pNUT-MPl-rI2-DSaZI-PacI-AscL A 5438-bp 
NotVBamm fragment isolated from pNUT-MPl-I2- 
DSaZI-PacI-AscI was ligated to a 2434-bp NotVBamBl 
fragment isolated from pBS(DX-B)-GFAP-rI2-MPl. 
The resulting plasmid was named pGFAP-DHFR-1. 
The pGFAP-DHFR-l-hNGF expression vector was con- 
structed by subcloning a 2508-bp fragment containing 
the hNGF from pcDNAl/Neo/hNGF into the pGFAP- 
DHFR-1 intermediary cloning vector (Fig. 1). The result- 
ing plasmid pGFAP-DHFR-l-hNGF was sequenced in 
order to verify the hNGF insertion orientation. 
- In order to verify the functionality of the construct, 
C6 glioma cells (1 x 10^) were transfected with 10 }ig of 
pGFAP-DHFR-l-hNGF plasmid and 1 ^g of pcDNAl/ 
Neo plasmid using the calcium phosphate kit from 
CloneTech. Forty-eight hours after transfection, the 
culture medium was supplemented with 1 mg/ml of 
G418. Stably transfected cells were maintained in 
medium containing 1 mg/ml of G418. Bioactive hNGF 
secretion from these cells was determined by ELISA 
and PC 12 neurite outgrowth. 

Transgenic Mouse Production 

The 7695-bp DNA fragment containing the GFAP- 
rI2-hNGF-MPl and SV40-mDHFR-HBV3' sequences 
was generated by Pad and Asd digestion and size 
selected by agarose electrophoresis (29). DNA was 
purified by the p-agarose treatment method according 
to the manufacturer's instructions. Transgenic mice 
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BamHI(5iii) 

FIG. 1. GFAP-DHFR-hNGF expression vector used for the generation of transgenic mice. The GFAP promoter is fused to the hNGF 
coding sequence. The mutant DHFR driven by the SV-40 promoter allows for amplification of this construct. 



were produced according to standard techniques. Ap- 
pr(,ximately 2 pi of DNA solution was microinjected 
into the male pronucleus of fertilized eggs obtained 
from the mating of FVB/N mice. The injected eggs were 
then transplanted into pseudo-pregnant females. Inte- 
gration of the transgene into the mouse genome was 
determined by PGR using unpurified DNA extracts 
from tissue digests according to the method of Hanley 
and MerUe (19). After removal of the striata from each 
fetus the remaining brain tissue was used for the DNA 
di v3st. The PGR primers used for transgenic determina- 
tion were 5'-TGG TCG GGG GGA TGT GTG GAG GTG 
GGT GGA GAA-3' and 5'-ATA GAG TGT TGT TAATGT 
TCAGGT GTG GGAAGAGGA-5'. Tissue for cell culture 
was isolated from fetuses as described below. 

Stem Cell Isolation and Culture 

Stem cells were isolated from the striata of E14.5- 
El 5. 5 mice as previously described (36). Briefly, striata 
^' re removed from each fetus and mechanically disso- 
ciated using a fire-polished pipette. Separate cultures 
were generated from each fetus. Gell suspensions were 
grown in N2, a defined DMEM:F12-based (Gibco) me- 
dium containing 0.6% glucose, 25 fig/m\ insulin, 100 
;^g/ml transferrin, 20 xiM progesterone, 60 /iM putres- 
cine, 30 nM selenium chloride, 2 mM glutamine, 3 mM 



sodium bicarbonate, 5 mM Hepes. This medium was 
supplemented with 20 ng/ml murine EGF (GoUabora- 
tive Research). Typically, the cells grew in clusters 
which were passaged by mechanical dissociation ap- 
proximately once each week and reseeded at approxi- 
mately 60,000-75,000 cells/ml. 

Stem cells were differentiated by initially plating on 
polypmithine-coated glass coverslips. In these experi- 
ments; stem cells were plated as clusters or as a single 
cell suspension. To induce diflFerentiation, EGF was 
removed from the growth medium and the medium was 
supplemented with 1% FBS (Gibco). Gells were cul- 
tured for 5-10 days before fixation for immunocytochem- 
istry. 

Bioassay for hNGF 

To assay hNGF output from the individual stem cell 
cultures, the cells were first differentiated in FBS as 
described above. Stem cells were plated as clusters on 
polyomithine-coated plastic culture dishes. The cells 
were grown in N2 defined medium supplemented with 
1% FBS for either 1 or 2 weeks and were fed twice each 
week. At the designated time points, the conditioned 
medium (3 day conditioned) was removed and used for 
the bioassay The cultures were then placed in PG-1 
defined medium (BioWhitaker) for 24 h. At the end of 
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this pulse the PC-1 medium was removed and the 
hNGF levels y/ere determined by ELISA. The number 
of cells in each culture was then determined by trypsin- 
izing the cells and counting them with a hemacytom- 
eter. 

The conditioned medium was used to induce PC 12a 
cell neurite outgrowth. In these assays, PC 12a cells 
were plated at 25,000 cells/cm^ in DMEM (Gibco) 
supplemented with 10% FBS. The next day the medium 
was removed and replaced with a 1:1 mix of DMEM 
with 10% FBS and the conditioned medium from the 
stem cell cultures. The PCl2a cells were then evalu- 
ated at 24 and 48 h to determine extent of neurite 
outgrowth. Outgrowth was scored qualitatively and 
compared to cultures which received recombinant NGF 
(Boehringer, Mannheim). These data were only used to 
determine if the secreted NGF was bioactive, rather 
than to quantify the extent of bioactivity 

Immunocytochemistry 

The stem cell cultures were fixed for 10-20 min at 
room temperature with 4% paraformaldehyde and then 
washed three times in 0.1 M PBS, pH 7.4. The cultures 
were then permeabilized using a 2-min incubation in 
100% EtOH and washed again with 0.1 M PBS. Cul- 
tures were then incubated in 5% NGS (normal goat 
serum) in 0.1 MPBS with 1% Triton X-100 (Sigma) for 1 
h at room temperature. Primary antibodies were di- 
luted in 1% NGS + 1% Triton X-100 for 2 h at room 
temperature. The cultures were washed in PBS and 
incubated with secondary antibodies diluted in 1% 
NGS with 1% TViton X-100 for 30 min at room tempera- 
ture in the dark. 

The primary antibodies used were: Nestin, 1:500 
(rabbit polyclonal, generously provided by R. McKay); 
O4, 1:25 (monoclonal, Boehringer Mannheim); p- 
tubulin, 1:1000 (monoclonal, Sigma); and GFAP, 1:500 
(polyclonal, DAKO). The secondary antibodies jused in 
these experiments were goat anti-mouse-FITC (1-128) 
and goat anti-rabbit-TRITC (1:80) (both from Sigma). 



injections of 1 mg/kg cyclosporin. After 2 weeks cv l'^ 
sporin injections were replaced by oral immunosuDi V 
sion (Neoral, Sandoz). All experimentation was r 
ducted in accord with NIH guidelines. 

Surgery 

Rats were anesthetized with sodium pentobarbital' 
(45 mg/kg, ip) and positioned in a Kopf stereotaS 
instrument. A midline incision was made in the seal 
and a hole was drilled for the injection of cells into the 
striatum. Rats received unilateral implants into the 5 
•left striatum using a glass capillary attached to a IQ-iA- 
Hamilton syringe, at two sites with control stem cellq • 
(cell line 74-43, n = 8) or GFAP-hNGF stem cells (cell 
line 74-61, n = 8). The stereotaxic coordinates for im- ^• 
plantation were: +0.2 mm anterior to Bregma, 3.2 mm i< 
lateral to the sagittal suture, and 5.4 mm below the ^ 
cortical surface; and -0.2 mm posterior to Bregma, 3 2 " 
mm lateral to the sajgittal suture, and 5.4 mm below the ^ 
cortical surface (35). The cells were unilaterally in- 
jected in two 1.0-fil deposits at each injection site by ? 
injecting one deposit at 5.4 mm and another at 4.9 mm ^ 
ventral from the cortical surface, and then 1 min of I 
diffusion time was allowed after the first injection and ^'• 
an additional 3 min of diffusion time was allowed after i 
the final injection. Each animal received a total of ^■ 
250,000-500,000 cells in a total volume of 2 Cells .| 
were transplanted 1-2 days after passaging and the t 
cell suspension was made up of undifferentiated stem | 
cell clusters of 5-20 cells. In this experiment stem cells 
were implanted at passage 34 (control) or passage 35 I 
(GFAP-hNGF). Following implantation, the skin was f 
sutured closed. 



NGFELISA 

/-^a"«^*^*^*'°" released from differentiated 

GFAP-hNGF cells was performed as described previ- 
ously (24). 

Animal Subjects 

Adult male Sprague-Dawley rats (Taconic Breeders 
Germantown, NY) approximately 3 months old and 
weighing 300-350 g were used in these studies The 
animals were housed in groups of three to four in a 
temperature- and humidity-controlled colony room 
which was maintained on a 12-h light/dark cycle with 
lights on at 0700 h. Food and water were available ad 
libitum throughout the experiment. Beginning 1 day 
before transplantation, all animals received daily ip 



Histology 

Animals from the initial experiment were transcardi- 
ally perfused using a peristaltic pump with 20 ml saline 
followed by 500 ml of 4% paraformaldehyde. AU solu- 
tions were ice cold (4°C) and prepared in 50 loM PBS 
(pH 7.4). Brains were removed following fixation, placed 
in 25% buffered sucrose (pH 7.4), and refrigerated for 
approximately 48 h. Sections throughout the entire 
striatum were cut at 40-fim intervals on a cryostat and 
stored in a cryoprotectant solution. Adjacent sections 
through the striatum were processed for the immunocy- 
tochemical locaUzation of choline acetyltransferase 
(ChAT^ 1:1000, Chemicon) as previously described (11, 
25) using the labeled antibody procedure (21). One 
series of sections was stained for glutamic acid decjirbox- 
ylase (GAD; 1:7500, Oncogene) with nickel intensifica- 
tion using a modification of the above procedure (see 25 
for details). Another series of sections was stained 
using M2, a mouse-specific marker (generously pro- 
vided by Dr. Cari Lagenaur; 1:20 or 1:50). All immuno- 
histochemical reactions were terminated by three 1- 
min rinses in PBS. Sections were mounted, dehydrated, 
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flnd coverslipped. Control sections were processed in an 
identical manner except the primary antibody solvent 
or an irrelevant IgG was substituted for the primary 
antibody. It is important to note that even though 
staining was eliminated in sections in which the pri- 
mary antibody was deleted or an irrelevant IgG was 
substituted, the potential for antiserum to react with 
structurally related proteins cannot be excluded. Thus, 
a degree of caution which is inherent to immunohisto- 
chemical procedures is warranted. In this regard, the 
terms ChAT, GAD, or GFAP immunoreactivity in this 
study refers to -"like" immunoreactivity (IR). A sepa- 
rate series of sections through the striatum were 
stained for NADPH-^iaphorase (NADPH-d; Sigma) as 
described previously (2). Adjacent sections were stained 
for Nissl to aid in cytoarchitechtonic delineation. 

Nerve growth factor antibody production and charac- 
terization. We used a polyclonal antibody directed 
against mouse NGF to determine spread of this neuro- 
trophin from grafted cells and to examine the potential 
uptake of graft-derived hNGF vdthin host striatal 
neurons. Antibody production and characterization have 
been reported previously (7, 8, 24, 33). 

Nerve growth factor-like immunohistochemistry. 
Animals were prepared for NGF immunocytochemis- 
try. These animals were perfused transcardially with 
cold 0.9% saline followed by fixation with 2% parafor- 
maldehyde + 0.2% parabenzoquinone in 0.1 M phos- 
phate buflfer (pH 7.4; see 7, 8, 33). Histological sections 
were then processed for NGF-like immunohistochemis- 
try with a rabbit polyclonal antibody against mouse 
3-NGF according to a modification of our previously 
described procedure (7, 8, 24, 33). Immunocytochemical 
controls were included as described previously (24). 

Quantitative Morphometric Analysis 

Morphometric analysis of cell area was carried out 
using the NIH Image analysis system. Coronal sections 
through the striatum at the level of the graft were 
analyzed. Every ChAT- or GAD-immunoreactive neu- 
ron within the striatum of each analyzed section was 
measured using a computer mouse to manually trace 
the borders of the immunoreactive perikarya. The size 
of the cell soma of ChAT or GAD neurons within the 
striatum of each section analyzed was quantified by an 
individual blinded to the animal's experimental condi- 
tion. 

RESULTS 

GFAP-hNGF Transgenic Animals 

For these experiments, transgenic mice were gener- 
ated by microinjection as described under Methods. 
The DNA construct consisted of the hGFAP promoter 
driving expression of the hNGF gene, as shown in Fig. 



1. All of the fetuses (transgenic and nontransgenic) 
were anatomically indistinguishable. Of the 82 fetuses 
examined, 20 (24%) were positive for the transgene by 
PCR. Individual EGF-responsive stem cell cultures 
were generated from the striata from each fetus. Stem 
cell-derived astrocytes from these fetuses displayed 
varying levels of hNGF secretion, as described below. 

Isolation and Characterization of EGF -Responsive 
Stem Cells from GFAP-^NGF Transgenic Mice 

The striatum was isolated from individual transgenic 
animals as described under Methods. The striata were 
dispersed into a single cell suspension and the cells 
were seeded in EGF-containing medium. Within 5-7 
days, the cells proliferated, forming clusters of cells 
which appeared identical to the EGF-responsive stem 
cells isolated from nontransgenic controls. After about 
1 week in vitro, the clusters were mechanically dissoci- 
ated and the single cells grew into clusters again. 
Individual stem cell cultures from both transgenic and 
control animals were passaged about once per week. 
Analysis of cell number and cell division ensured that 
the clustering of the cells was the result of proliferation 
rather than aggregation. Cells isolated from GFAP- 
hNGF mice or from control littermate animals doubled 
every 1.2-2.8 days without differences between the 
proliferation rate of the transgenic and control ani- 
mals. In addition, stem cell clusters isolated from both 
transgenic animals and control animals were immu- 
nopositive for nestin, an intermediate filament protein 
(Fig. 2A) in neural stem cells (27). 

Neural stem cells from several of the GFAP-hNGF 
lines were also assessed for their ability to differentiate 
into all of the major neural phenotypes (neurons, 
astroc3des, and oligodendrocytes). In these experi- 
ments differentiation was induced by culturing the 
cells on polyomithine, removing EGF, and adding 1% 
■-5]BS. As demonstrated in Figs. 2B-2D, positive immu- 
noreactivity was found using antibodies which recog- 
nize neurons (3-tubulin), astrocytes (GFAP), and oligo- 
dendrocytes (04). These data indicate that the stem 
cells derived from the transgenic animals are multipo- 
tent. Furthermore, this multipotentiality was observed 
in cells which had been passaged as many as 25 times 
(Figs. 2B-2D). 

The ability of the differentiated cells to express 
hNGF was also examined. Because hNGF expression is 
driven by the GFAP promoter, hNGF is predicted to be 
expressed by the differentiated astrocytes. In these 
experiments, the individual stem cell cultures were 
induced to differentiate as described under Methods. At 
either 1 or 2 weeks postdifferentiation, the conditioned 
medium from each of the cultures was evaluated for 
hNGF by ELISA. Expression levels ranged from ap- 
proximately 0.1 to 2.0 ng/ml/50,000 cells/24 h (Table 1). 
Furthermore, conditioned medium from the differenti- 
ated stem cells induced neurite outgrowth from PC 12 
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A. Nestin 




B. GFAP 



. i • - .9- ■■■ • 



C. B-tubulin 






FIG. 2. Immunocytochemical characterization of stem cells derived from transgenic mice expressing GFAP-hNGF. (A) Nestin staining of 
undifferentiated GFAP-hNGF stem cells. Upon differentiation, these cells generate astroc\^es (B), neurons fC), and oligodendrocjtes (D). 
Stem cells were induced to differentiate by culturing them in N2 supplemented with 17c FBS for about 1 week. Note that multipotentiality of 
these cells is maintained over time, Panels (B-D) are from cells passaged 23-25 times. 



cells (Table 1 and Fig. 3), indicating that the hNGF 
secreted by these cells in vitro is bioactive. Human 
NGF secretion is detectable after passaging the stem 
cells more than 25 times, suggesting that the cells 
retain a high level of genetic and phenotypic stability 
(Table 2). In particular, Table 2 shows the hNGF output 
from the cell line which was subsequently used for 
transplantation into rat striatum. With increasing pas- 
sage, the levels of hNGF from differentiated astrocytes 
remained high, and up to 2 weeks postdiflFerentiation 
similarly high levels of NGF were secreted (in contrast 
to many viral vectors). Although the levels of hNGF 
secretion vary somewhat, they do not appear to decline 
with increasing passage. In fact, the highest values of 
hNGF secretion were from cells passaged 28 times. 
Even after cryopreservation, the stem cell-derived astro- 
cytes also secrete hNGF (data not shown), indicating 
the stability of the transgene. 

The hNGF output of undifferentiated stem cells has 
also been measured (Table 3). In most cultures, the 



NGF levels are not detectable. However there are a few 
cell lines which have measurable levels of hNGF secre- 
tion. This may result from a subpopulation of cells 
which are differentiating toward an astrocyte lineage 
and are expressing GFAP. It is also possible that the 
expression of NGF from the GFAP-hNGF transgene is 
seen somewhat earlier than the endogenous GFAP 
gene. 

The constructs used to generate the GFAP-hNGF 
mice contain the mutant dihydofolate reductase gene 
(DHFR). We attempted to increase NGF secretion 
levels in these cells using MTX selection. In these 
experiments, GFAP-hNGF cell lines 74-46 and 74-61 
were selected with either 200 nM MTX or 1 fiM MTX. 
Selection continued for at least 2 months before assess- 
ing NGF output by the stem-cell-derived astroc3rtes. 

NGF output from cell line 74-46 increased approxi- 
mately 9- to 16-fold upon selection with 200 nM and 1 
/iM MTX selection (data not shown). However, cell line 
74-61 NGF output did not show a significant increase 
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TABLE 1 

NGF Levels in Conditioned Medium from Differentiated 
GFAP-hNGF Neural Stem Cells 



74-21 
74-43 
74-16 
74-16 
74-46 
7^-49 
74--0 
74-58 
74-59 
74-61 



Pas- 
sage 


Genomic 


IN or /our*, 
cells 

1 week 


PC12 

UlUCLSOCXJr 

1 week 


NGF/50K 

cells 
(De/24 h) 
2 weeks 


PC12 
bioassay 
2 weeks 


23 




0 




0 




1 




0 




0 




11 


-1- 


1805 




200 




23 


-H 


426 




535 


-1- + -!- 


12 


-1- 


609 




256 




1 


+ 


355 


4- -1- -!--»- 


722 




1 




690 




859 




1 




141 


4--I-4--I- 


614 




1 


-1- 


126 


-»- + -»- + 


301 


+ 


1 




2282 


+ 


2188 





Note, Human NGF secretion from stem cells derived from trans- 
genic animals expressing GFAP-hNGF Neural stem cells were 
differentiated for 1 or 2 weeks and assayed for NGF output by ELISA. 
Differentiation of these cells results in astrocyte formation and the 
activation of the GFAP promoter directing hNGF expression. Values 
indicate output for 24 h. Conditioned medium from the cultures was 
al: tested on PC12 cells for bioactivity. PC12 cell cultures were 
rai.Ked for neurite outgro\vth from - (no outgrowth) to 4- + -!- + 
(greatest outgrowth). 



after MTX selection. Therefore, it seems that one of the 
cell lines shows an increase in NGF secretion and the 
other cell line does not show a definite effect. These 
data suggest that cell lines generated from diflFerent 
transgenic animals may show differences in the effect of 
selection. Differential effects of MTX on the amplifica- 
tion may reflect the different integration sites of the 
trauisgene in each cell line. 

Transplantation of GFAP-hNGF and Control 
Stem Cells 

Localization of grafted stem cells using M2 immuno- 
histochemistry, GFAP-hNGF and control cells de- 
rived from nontransgenic littermates were trans- 
planted into adult rat striatum. The animals survived 
either 1 or three weeks posttransplantation. A mouse- 
specific antibody, which stains primarily glia, but also 
some neurons (M2), was employed as a species-specific 
marker for grafted stem cells (28, 34, 46). Using this 
marker, the grafted cells were successfully identified in 
all control and GFAP-hNGF-grafled animals (Fig. 4). 
This antibody predominantly stains the external cell 
membrane and, as such, perikarya are usually not 
' isualized. In all animals, clusters of M2-IR stem cells 
were observed, principally within and arovmd the needle 
tract vdth M2-positive processes extending for some 
distance into the surrounding tissue (Fig. 4). Little, if 
any, migration of M2-IR cells was observed. The excep- 
tion to this staining pattern was observed principally at 



the base of injection sites where a dense column of cells 
within the tract expanded into a teardrop-shaped or 
round cluster of cells or within the periphery of a graft 
deposit. At these sites, M2 immunoreactivity was local- 
ized within grafted perikarya. Due to the localization of 
M2 immunoreactivity, quantitation of the number of 
viable grafted stem cells was not possible. Occasional 
macrophages were identified in the perigraft area; 
however, this did not appear to be correlated with the 
type of cells transplanted. 

Expression, secretion, and utilization of graft-derived 
hNGF We used a polyclonal antibody raised against 
hNGF to evaluate the time-dependent expression of 
hNGF within grafted stem cells, to assess the diffusion 
of graft-derived hNGF within the host striatum, and to 
determine whether host striatal neurons could take up 
graft-derived hNGF Within the host striatum, hNGF 
immunoreactivity was not observed in rats receiving 
implants of control stem cells (Figs. 5A and 6A). In 
contrast, dense hNGF immunoreactivity was localized 
within the graft of the GFAP-hNGF cells (Figs. 5B- 
5E). In addition, a halo of hNGF-IR was observed 
within the perigraft region in rats receiving implants of 
hNGF-secreting stem cells (Figs. 6B-6D). This halo of 
hNGF-IR was not localized to a cellular structure. 
Rather, the staining pattern was diffuse in nature and 
localized within the neuropil proximal to the implant 
site in a manner similar to that seen following implants 
of hNGF-secreting fibroblasts (26) or NGF infusions 
(33). The area of hNGF-IR within the host striatum was 
small and rarely exceeded 2 mm. As was seen vdthin 
the graft itself, the expression of hNGF-IR within the 
striatal neuropil decreased with time from transplanta- 
tion (Fig. 5). Dense hNGF-IR was observed in all rats 
receiving hNGF-secreting stem cell implants which 
were sacrificed 1 week posttransplantation (Figs. 6B 
and 6C). In contrast, hNGF-IR was only discerned in 
- half of the rats receiving identical implants but sacri- 
ficed .3 weeks after grafting. In the animals in which 
hNGF-IR could be seen, the intensity of staining was 
diminished relative to rats sacrificed only 1 week 
postgrafting (Fig. 6D). 

Within the host striatum of rats receiving hNGF- 
secreting stem cell grafts, neurons proximal to the 
implant site exhibited hNGF-IR (Figs. 6C-6F). This 
staining pattern was absent in rats receiving control 
stem cell implants. NGF-IR cells were observed within 
the striatum of rats receiving hNGF-secreting stem 
cells and sacrificed either at 1 (Figs. 60 and 6E) or at 3 
(Figs. 6D and 6F) weeks postgrafting. These cells were 
small in size (20-30 fim in diameter) and displayed a 
granular staining pattern within the somata and proxi- 
mal dendrites. These cells were principally localized 
within the halo of graft-derived NGF-IR. However, 
some striatal neurons containing NGF-IR could be seen 
for short distances outside this halo of secreted NGF. 
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Effects ofhNGF stem cell implants upon the size of 
striatal neurons. Cellular delivery of NGF has been 
previously demonstrated to induce hypertrophy and 
sprouting of cholinergic neurons (23). lb determine if 
the hNGF secreted from the grafted stem cells induced 
this type of effect, ChAT IR was examined. ChAT-IR 



neurons were observed bilaterally scattered through- 
out the striatum; this staining pattern was eliminated 
following deletion or substitution for the primary anti- 
body. ChAT-IR neurons were rounded and multipolar 
displaying a morphological profile consistent with iden- 
tification as cholinergic intemeurons (e.g. ,23). 
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"The transplant procedure itself did not influence the 
<;ize of cholinergic striatal interneurons. The size of 
ChAT-IR striatal neurons ipsilateral to control stem 
-ell implants was similar to that seen on the intact, 
nongi-ft^d side (Figs. 7A and 7E). In contrast, rats 
receiving grafts of stem cells genetically modified to 
secrete hNGF displayed a significant hypertrophy of 
striatal ChAT-IR perikarya ipsilateral to the implant 
relative to animals receiving identical grafts of control 
cells (Figs. 7B and 7F). A different score analysis with 
regard to cross-sectional area of ChAT-IR neurons 
revealed that cholinergic striatal neurons were signifi- 
cantlv larger in NGF-grafted animals relative to the 
intacl side (P(a,3) = 3.17; P < 0.05) (Fig. 8). 

GABAergic neurons were also examined for possible 
hypertrophy induced by the hNGF. GAD-IR (Figs. 7C 
and 7D)-positive neurons were observed scattered 
throughout the striatum bilaterally in all animals in a 
pattern similar to that seen previously (11, 24). Quanti- 
tative evaluation of cell size for GAD-IR-positive cells 
revealed that these cells were unaffected following 
implants of hNGF-secreting stem cells (Fig. 8). 

Graft-derived sprouting of p75^^'immunoreactive 
fibers. Within the host forebrain, p75^'rMR was local- 
ized exclusively within basal forebrain perikarya in a 
pattern similar to what has been described previously 
(e.g., 22, 23). Deletion or substitution of the primary 
antibody resulted in the elimination of specific stain- 
ing. In every rat receiving implants of hNGF-secreting 
stem cells, a collection of p75^™-immunoreactive fibers 
was observed encompassing the implant site (Figs. 
9A-9C). This was true for rats sacrificed both 1 and 3 
weeks posttransplantation. In contrast, no such stain- 
ing pattern was present in any rat receiving control 
stem cell implants (Fig. 9D). In hNGF-grafted rats, 



TABLE 2 

hNGF Output from GFAP-hNGF-Derived Astrocytes 



Cell line 


Passage 


Assay time 
point (week) 


hNGF 
(pg/50K cells) 


74-61 


1 


1 


2282 


74-61 


1 


2 


2188 


74-61 


12 


1 


603 


74-61 


12 


2 


486 


74-61 


18 


1 


2743 


74-61 


18 


2 


2045 


74-61 


18 


4 


3110 


74-61 


23 


2.5 


3331 


74-61 


28 


1 


9720 


74-61 


28 


2 


6227 



Note, Stable secretion of hNGF from a single stem cell line 
generated from a GFAP-hNGF transgenic mouse. This cell line was 
passaged 28 times and still demonstrated significant hNGF output. 
Differentiation of these cells results in astrocyte formation and the 
activation of the GFAP promoter directing hNGF expression. Values 
indicate output for 24 h. 



TABLE 3 



hNGF Levels in Conditioned Medium from UndiflFerentiated 
GFAP-hNGF Stem Cells 







Genomic 


hNGF 


Days of 


Cell line 


Passage 


PGR 


(pg) 


conditioning 


74-43 


11 


- 


0 


7 


74-44 


9 


- 


0 


7 


. 74-8 


36 


+ 


0 


7 


74-16 


12 


+ 


126 


8 


74-16 


35 


+ 


0 


8 


74-29 






n 
U 


n 
t 


74-45 


10 


+ 


0 


8 


74-46 


11 


+ 


2320 


7 


74-48 


10 




0 


7 


74-49 


10 


-1- 


0 


7 


74-55 


10 


+ 


0 


7 


74-58 


10 


+ 


0 


7 


74-59 


10 


+ 


0 


8 


74-61 


11 


-1- 


4324 


7 


74-63 


10 


-I-' • 


0 


7 



Note. Human NGF secretion from undifferentiated stem cells 
derived from transgenic mice in which the GFAP promoter directs 
expression of hNGF. Neural stem cells were maintained in defined 
medium containing EGF for the number of days indicated. The 
conditioned medium was then assayed for hNGF by ELISA. 



p75NTR.iji fibers surrounded the graft site and contin- 
ued to traverse dorsally up the needle tract (Fig. 90). 
These fibers did not stain for dopamine-p-hydroxylase 
(data not shown) ruHng out the possibility that this 
innervation could result from ingrowth of sympathetic 
fibers which are also immunoreactive for p75^. Rather, 
these fibers appeared to emanate from p75^^-IR cholin- 
ergic neurons located within the adjacent basal fore- 
brain. Indeed, processes from cholinergic basal fore- 
brain neurons projected toward and into the perigraft 
region (Fig. 9A). In rats sacrificed 3 weeks posttrans- 
plantation, there was a slight decrease in the density of 
p7^NTR. J fibers surrounding the graft; however, numer- 
ous p75^^-IR fibers were still evident. 

DISCUSSION 

The transplantation of neural stem cells offers an 
opportunity to protect endogenous cells and facilitate 
cell repair or replacement. In addition, genetic modifica- 
tion of these cells will facilitate the parenchymal deliv- 
ery of growth factors. The genetic modification of 
neural stem cells by traditional methods is hindered by 
the difficulties in gene stability and transfection eflfi- 
ciency. Furthermore, upon transfection or infection, 
stem cells may not remain pluripotential or may be 
fundamentally altered (16). The use of transgenic mice 
to control expression of the gene of interest avoids these 
problems. In the present studies we generated trans- 
genic mice in which the GFAP promoter directs the 
expression of hNGF. The use of the GFAP promoter 
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FIG. 5. NGF-immunostained sections through the striatum of stem cell grafted rats. (A) Note the absence of staining "J « 
implant of control (non-NGF secreting) stem cells (arrows). (B) Low-power photomicrograph of a dense 
stem ceUs which express NGF immunoreactivity in vivo and were sacrificed 1 week Posttransplantation (C) Hi^^^^^^ 
cell duster as in B Ulustrating that virtually every cell expresses NGF immunoreactivity. (D) Low- «id high-power photom^^^ 
iUustrating that fewer grafted stem ceUs express NGF-IR 3 weeks posttransplantation. Scale bar m A, 250 ;im m A; 100 m m B and D. and 50 
Um C and E. 
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allows cell-specific expression of the growth factor in 
astrocytes. Although endogenous mouse GFAP expres- 
sion is not detected until E16.5 (3, 20), the GFAP-lacZ 
transgene has been detected as early as E12.5 (4). 
Therefore, it is possible that hNGF is secreted before 
harvesting EGF-responsive stem cells at E 15. However, 



endogenous hNGF expression does not appear to inter- 
fere with the normal development of the embryos or 
acquisition of multipotential neural stem cells. 

EGF-responsive neural stem cell lines were obtained 
from a number of founders with chimeric expression of 
the GFAP-hNGF construct. The stem cells appeared 
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FIG. 7. ChAT (A,B,E,F) and GAD (C,D)-immunostained sections from rats receiving intrastriatal stem cell implants. Note the 
hypertrophy of ChAT-IR neurons in rats receiving stem cell grafts which were genetically modified to secrete hNGF (B.F) relative to rats 
receiving control (non-hNGF secreting) stem cell implants (A,E). In contrast, GAD-IR striatal neurons were similar in size in rats receiving 
control (C) or hNGF (D)-secreting stem cell grafts. Scale bar in C, 250 pxa in A-D and 50 pxcL in E and F. 



similar to stem cells generated from littermate control 
animals as evidenced by their similar proliferation 
rates and pluripotentiality. Upon differentiation, cell 
lines generated from different founder animals showed 
varying levels of hNGF expression. In addition, detect- 
able levels of hNGF were found in conditioned media 
from some of the undifferentiated GFAP-hNGF stem 
cell lines. These cultures contain a diversity of cell 
types, including progenitor cells or astroc3rte precursor 
cells. As the clusters of cells grow in size, the cells which 
reside in the interior of the cluster are likely to begin 
differentiating, in part, because they are no longer 
ex-posed to the EGF in the medium. It is likely that the 
hNGF detected in these cultures is the result of a GFAP 
promoter activity in differentiated astrocytes or astro- 
C3l;e precursors within the stem cell cultures. Although 
GFAP is not detected immunocytochemically in the 



imdifferentiated cultures, there may be a low level of 
GFAP expression which is not detected using immuno- 
staining. This small population of cells may exhibit 
GFAP expression from the endogenous gene and hNGF 
expression from the transgene. The NGF detected in 
these experiments is not due to the secretion of murine 
NGF by the cultured cells because the ELISAis specific 
for human NGF. Therefore, the levels of hNGF must be 
the result of transgene expression in this heteroge- 
neous population of cells. In situ hybridization studies 
would allow the determination of which cells in these 
cultures are expressing hNGF. 

As the stem cells were passaged, the multipotential- 
ity of the cells appeared to change. Qualitative observa- 
tions suggest that the number of neurons formed upon 
differentiation decreased after about passage 15-20. 
Although neurons could be identified as late as passage 
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FIG. 8. Quantitation of hypertrophy of cholinergic striatal neu- 
rons following implants of GFAP-hNGF or control stem cells. Grafts 
of GFAP-hNGF cells induced significant hypertrophy in endogenous 
cholinergic neurons, but not in GABAergic neurons. *P < 0.05. 



23 (Fig. 2B), the percentage of neurons within the total 
population appeared to decrease. This observation was 
noted in stem cells generated from both control animals 
and transgenics. Although the percentage of neurons 
diminished with increasing passage number, the per- 
centage of cells which differentiated into astrocytes 
appeared similar in control and transgenic animals. In 
addition, hNGF secretion from the astrocytes derived 
from transgenic animals did not appear to decrease as 
the cells were passaged; in fact, the hNGF secretion 
(hNGF secreted per cell) appears to increase with 
passage number. Cells were passaged as many as 35 
times and, upon differentiation, showed bioactive effi- 
cacy. Furthermore, cells which were cryopreserved and 
subsequently thawed also demonstrated reliable hNGF 
secretion (unpublished observations) similar to cells 
which were not previously frozen. 

After transplantation into adult rat striatum, both 
control and transgenic stem cells formed dense grafts 



which demonstrated significant survival. All of the 
animals were immunosuppressed throughout the course 
of the experiment which undoubtedly facihtated the 
survival of these xenografts. It is not clear if prolonged 
immunosuppression is necessary for graft survival 
although we are currently investigating the effects of 
different immunosuppression protocols. In addition 
using microtransplantation techniques in which there 
is very little damage to the host probably reduced the 
host-graft reaction. 

Although the stem cells survived well, they did not 
appear to migrate extensively. This limited migration is 
likely due to the host environment, rather than to the 
inability of the cells to migrate. It is recognized that the 
developing environment is more permissive for the 
migration of implanted cells (5, 6, 34). Stem cells 
transplanted into the embryonic (44) or the neonatal 
(45) brain have shown extensive migration. In the adult 
mouse brain, the rostral inigratory pathway seems to 
be an exception where migration is permitted for 
transplanted cells (40). EGF-responsive stem cells la- 
beled with [^Hjthymidine before transplantation into 
the adult striatum showed labeled cells throughout the 
striatum, but differentiation of these cells was not 
detected (45), indicating that undifferentiated cells 
may migrate more efficiently.' Furthermore, endog- 
enous stem cells can be induced to proliferate and 
migrate in the adult mouse by the intraventricular 
infusion of EGF (9). Therefore, transplanted stem cells 
appear capable of migration in adult CNS if provided 
with the appropriate environmental cues. In the experi- 
ments described here, the EGF-responsive stem cells 
have been transplanted into the adult CNS, an environ- 
ment which is thought to be inhibitory to migration. 
This finding is consistent with experiments in which 
rat-derived EGF-responsive stem cells were implanted 
into 6-OHDA-lesioned rats (adult) and demonstrated 
minimal migration (41). 

In vitro, EGF-responsive stem cells can differentiate 
into neurons, astrocytes, and oligodendrocytes. How- 
ever, transplantation of these cells into the adult rat 
CNS results in the formation of astrocytes (45). In the 
experiments presented here, immunocytochemistry for 
the mouse-specific glial marker M2 was used to deter- 
mine the extent of the graft. Although immunocytochem- 
istry with M2 precludes identification of these cells as 
oligodendrocytes or astrocytes, it is most likely that the 
majority of the cells in these experiments have differen- 
tiated into astrocytes based on the expression of the 
hNGF transgene from the astroc3^e-specific GFAP pro- 
moter. 

Upon differentiation in vitro, the GFAP-hNGF- 
derived astrocytes secreted bioactive hNGF as evi- 
denced by the induction of neurite outgrowth in PC12 
cells. In addition, a halo of strong NGF immunoreactiv- 
ity was seen at the implant site 1 week posttransplanta- 



TRANSPLANTATION OF GEAP-hNGF NEURAL STEM CELLS 



hNGF+ . M -^l. Iwk 




hNGF+ .-Swks, 



hNGF+ 



Iwk 




■■ • ^ •. -r.^'" -■ ■ • ■ ■■■ ; .. •■ • 
v^.- • ^•^v.:•5*-'^••i•■•, • •- 



hNGF^ 



Iwk 




p75NTR.immunostained sections through the striatum of rats receiving hNGF-secreting (A-C) or control (D) stem cell implants. (A 
T nt^^^^^"^ of p75NTR-IR fibers surround the hNGF-secreting stem cell implants 1 week following implantation. Note the presence of 
two p75^ «.IR interstitial neurons within the nucleus basalis proximal to the graft site (arrows). (C) This p75NTR-IR fiber staining pattern was 
still evident 3 weeks posttransplantation. (D) In contrast, no pTS^^-IR fibers were seen proximal to a control stem cell graft. Scale bar in D. 
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tion, which decreased somewhat by 3 weeks posttrans- 
plantation. M2 staining at both time points appeared 
similar, indicating that this reduction in staining is not 
due to cell death within the grafts. It is possible that 
GFAP promoter activity is increased by gliosis induced 
by transplantation procedures arid that GFAP activity 
is gradually reduced after the initial gliotic reaction to 
the implant directly resulting in a decrease in NGF 
secretion. Longer term studies are in progress to ad- 
dress the continued expression of the NGF once im- 
planted in vivo. It is interesting to note, however, that 
the expression of hNGF in cells which have been 
differentiated in vitro is maintained for as long as 6 
months (M. Carpenter, unpublished observations). 

Grafts of EGF-responsive cells induced a series of 
well-characterized NGF effects including hypertrophy 
of cholinergic striatal neurons, the uptake of graft- 
derived hNGF by host perikarya, and the sprouting of 
fibers emanating from the cholinergic basal forebrain. 
It is likely that these effects are mediated through the 
activation of the trkA receptor which is located within 
the cholinergic striatal and basal forebrain cells. Using 
a polyclonal antibody raised against NGF, we observed 
NGF-IR at both 1 and 3 weeks posttransplantation. 
This antibody only visualizes relatively high titres of 
NGF in vivo (see 23 for discussion) and it is likely that 
the current level of NGF-IR seen in the present study is 
an underestimate of the actual degree of expression. 
Indeed, although NGF-IR was diminished at the later 
time point, a number of lines of evidence suggest that 
bioactive levels of hNGF were still being secreted by 
grafted cells at the time of sacrifice. First, the hypertro- 
phy of cholinergic perikarya persisted for up to 3 weeks 
posttransplantation. We have previously demonstrated 
that NGF-mediated hypertrophy of cholinergic neurons 
in intact rats is dependent upon the continued bioavail- 
ability of NGF (23). After NGF removal, the hypertro- 
phy of cholinergic striatal neurons dissipates. Thiils, the 
continued hypertrophy of ChAT-IR neurons in tlie 
present study indicates that the continued expression 
of the graft-derived hNGF. Second, the classic NGF 
sprouting response seen in p75NTH.lR basal forebrain 
neurons was generally equivalent in rats sacrificed 1 or 
3 weeks posttransplantation. These findings support 
the concept that hNGF expression was sustained in 
these animals for the duration of the experiment. 

The use of neural stem cells for transplantation into 
the CNS offers a number of advantages over transplan- 
tation of primary tissue or other cell lines. Primary 
fetal tissue transplantation relies on the availability of 
tissue, requiring as many as eight fetuses for a single 
transplantation into Parkinson's patients (26). In addi- 
tion, this tissue is only minimally safety tested, result- 
ing in "at risk" transplantation. The use of immortal- 
ized cell lines, such as fibroblast cell lines, introduces 
the risk of tumor formation at the graft site. The use of 




a stem cell line which will divide continuously in vi?^ 
and will terminally differentiate into a nonmitotic cdjp 
for this t3^e of transplantation resolves both of the v 
issues. Upon transplantation, these cells can differentj 
ate into all of the major neural phenotypes that appe^^*? 
upon differentiation in vitro. EGF-responsive stem cella'l 
will form oligodendrocytes in the md rat and sh puni' 
dysmyelinating spinal cord (17, 31). These cells wiflf 
also differentiate into astrocytes in the adult hrsdn and"^^ 
neurons and astrocytes in the neonatal striatum (45). ^0.; 

The stable genetic modification of EGF-responsive T 
stem cells allows the transplantation of a multipoten-?/ 
tial cell line that can secrete growth factors which will 
direct differentiation of the cells. It is possible to 
engineer stem cells to produce various growth factors or 
mitogens under the control of cell-specific promoters. 
The data presented here indicate that EGF-responsive 
stem cells can be isolated from GFAP-hNGF mice and 
will remain in an undifferentiated phenotype until ^ 
induced to differentiate. Upon differentiation, either m 
vitro or in vivo, astrocytes derived from these cells will 
produce bioactive hNGF. The genetic modification of 
these cells can be extended to include other growth 
factors. In addition, different cell lines can be combined 
to deliver multiple factors which have synergistic or 
complementary effects. This type of system may allow 
parenchymal delivery of growth factors, and if the cells 
are induced to migrate (perhaps by coexpression of a 
factor that will keep the cells in a migratory state), this 
may allow widespread parenchymal delivery. 
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ABSTRACT 

resoonslve'^f-PmLim^^; «?^i"ed whether implants of epidermal growth factor (EGF)- 
fGPAPWoS 5 • ' f TJ^ ti-ansgenic mice in which the glial fibrillary acid protein 
th JiSf ? expression of human nerve growth factor ChNGF)could prevent 

t J^^^ T T- "^^^^ ^ « ™°del of Huntington's disease (HD) Rate 

davs rate^hv'^'Tnf '^^^P'f^'^ of GFAP-h.NGF stem cells or con^ol stem cells followVd 9 
swat«1^pci/c^ mtrastnatal iiyection of quinolinic acid (QA). Nissl stains revealed large 
striatal lesions in rats receiving control grafts, which, on average, encompassed 12 78 W 
GFH^hNCF was significantly reduced (1.92 mm3) in ^ats rec^ng les ons^d 

~rri:!?ft I-^f ^P]^*^- receiving QA lesions and GFAP-hNGF-secreting grafts stem 
1 <l»6play6d a sparing of striatal nem-ons immunoreactive (ir) for gluSc S 
aW^J^'- T «=«tyltransferase, and neurons histochemically positive fHicotJi 
row sn^uW t^^^'"''^- "^'^^'^^ GFAP-hNGF-secreting implants aL induSS a 
S^a^iJfS c^^^ol ^fc'f ^- basal forebrain neurons. The lesioned 

rvSfe^>. 1 , ^j'^^^ animals displayed numerous p75 neurotrophin-ir (pTS^T") astro- 
T^'*' f"^? "Ped ^°st vasculature. In rats receiving GFAP-hNGF-secretine stem Si 
wer?idt\^S^,^^7 P^^™ J- By usin^a mouse-speSfic probe^te^^^^^^^ 

modificS Jf cfpi n^^- '".'"'^^^ ceUula^l-delivery of hNGF by genetic 

Pou£S^i^ iLuAZ''!i^ degeneration ^of. vulnerable striatal neural 

eSnrconc^ot S^?.V°'? ^u^^f'^ to die in a rodent model of HD, and supports the 
sSS/frn^f^r ^- t^'s technology may be a valuable therapeutic strategy for patients 
sulieringfi-om this disease. J. Comp. Neurol. 387:96-113. 1997, e wueyuJ; inc. 

Indexing terms: striatum: choline acetyltraneferase; GABAj NADPH -diaphorase: 
iznmunohislochenUstry 
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Hujatixxgton's Disease Collaborative Rei^earch Group, 1993) 
located near the telomere of the short arm of chromosome 
4 (Gusella et al., 1983) produces this disease. HD is 
invariably fatal with an average of 17 years of symptom- 
atic illness. There are no ef'ective treatments (e.g., Martin 
and Gusella, 19S6). Althou{jb medications may reduce the 
severity of chorea or diminish behavioral sjrmptoms, they 
do not increase survival or substantially improve quality of 
life as it relates to cognitive statCj gait disorder, or 
dysphagia. 

The behavioral sequelae in HD results from a selective 
vulnerability of striatal neurons. (Ferrante et al., 1985, 
1987; Vonsatell et al., 1985; Kowall et al.. 1987). Initially, 
the disease affects gamma-aminobutyric acid (GABA)- 
containing, medium -sized spiny neurons (Bird and Iver- 
son, 1974; Bird, 1980; Kowall et al., 1987), which innervate 
the globus palhdus and substantia nigra pars reticulata; 
critical parts of basal ganglia loop circuitry. Neurochemi- 
caDy, there is a substantial loss of GABA within the 
striatum (Bird and Iverson. 1974; Bird. 1980; Graveland et 
al., 1995; Kowall et al., 19S7), Large, aspiny interneurons 
and medium, aspiny projection neurons are less affected 
and degenerate later in the disease process (Ferrante et 
al., 1985, 1987; Kowall et al., 1987). Levels of chohne 
acetyltransferase (ChAT), substance P, cholecystokinin, and 
angiotensin-converting enzyme are decreased (see review 
Greenamyer and Shoulson, 1994), whereas the expression 
of some neuropeptides, such as somatostatin and neuropep- 
tide Y, ore increased in HD (Beal et al., 1988). In contrast, 
neurons that contain nicotinamide adenosine diphosphate-d 
(NADPH-diaphorase), neurotensin, and vasoactive intesti- 
nal polypeptide are relatively unaffected (Kowall et al., 
1987). Other subcortical and cortical brain regions are 
involved, but within these extrastriate regions, the degree 
of degeneration varies; it does not correlate with the 
severity of the disease and is dwarfed by the striatal 
changes (see review Greenamyer and Shoulson, 1994). 

Currently, therapy for HD is limited and does not 
favorably influence the proKression of the disease. Thus, it 
is imperative that novel tlierapeutic strategies be estab- 
lished. In this regard, the grafting of trophic factor-secret- 
ing cells has proven successful in experimental models of 
HD. Our group and others have shown that grafts of nerve 
growth factor (NGF)-secreting fibroblasts prevent degen- 
eration of striatal neurons destined to die from excitotoxic 
insult or mitochondrial dysfunction (Schumacher et al., 
1991; Frim et aL, 1993a,b,c, 1994; Emerich. 1994). Re- 
cently, Martinez-Serrano and Bjorklund (1996) showed 
that intrastriatal implants of immortalized central ner- 
vous system (CNS)-derived progenitor cells that had been 
genetically modified to aeci-ete NGF also can prevent the 
neural degeneration in a rodent model of HD. 

If transplantation of genetically modified, trophic factor- 
secreting cells is to be successful clinically for the treat- 
ment of neurodegenerative disease, then the optimal means 
of trophic factor dehvery needs to be esUblished. Recently, 
efforts have been concentrated on developing neural stem 
cells for transplantation and delivery of biologically active 
gene products, including trophic factors. There are several 
advantages to using modified neural stem cells for trans- 
plantation. Prom a practical point of view, neural stem 
cells can be genetically modified to obtain a relatively 
homogeneous expression of a desired gene product. This 
makes Uiem exquisitely suitable for gene transfer to the 
bram. Neural stem cells have also been shown to survive 
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for long periods of time in vivo and to integrate well within 
the host tissue without being tumorigenic (Gage et al., 
1995; Brustle and Itilcl\ay, 1996). The present study uses a 
novel epidermal growth factor (EGF)-responsive stem cell 
line, which upon differentiation into astrocytes, will se- 
crete human NGF (hNGF) to jprotect the xoilnerable stria- 
tal neuronal population following excitotoxic lesions. These 
stem cells are of particular interest because they are 
derived from transgenic mice in which the glial fibrillary 
acidic protein (GFAP) promoter directs the expression of 
the transgene in vivo. Stem cells generated in this fashion 
can potentially obviate the problems of toxicity and tran- 
sient gene expression, which plague other methods of 
cellular gene therapy These studies further established 
that the sparing of striatal ceUs is associated with the 
inhibition of vascular permeabihty and the glial responses 
observed specifically when tissue sections were probed for 
the low affinity p75 neurotrophin receptor (pTS^""^). Lastly, 
this study shows that hNGF-secreting,' stem cell grafts 
also induce . a sprouting response from cholinergic projec- 
tion neurons located within the basal forebrain. 

MATERIALS AND METHODS 

AnimaJ subjects 

Adult male Sprague-Dawley rats (Taconic Breeders, 
Germantown, NY) approximately 3 months old and weigh- 
ing 300-350 g were used in these studies. All experimenta- 
tion was conducted in accord with NIH guidelines and with 
the approval of the animal care committee at our institu- 
tions. The animals were housed in groups of three to foxir 
in a temperature- and humidity-controlled colony room 
that was maintained on a 12-hour light-dark cycle with 
lights on at 0700 hours. Food and water were available ad 
libitum throughout the experiment. All animals received 
daily injections of cyclosporin (10 mg/kg i.p.), beginning 1 
day prior to cell grafting and continuing until the conclu- 
sion of the experiment 3 weeks later. 

Surgery 

Immediately prior to surgery, rats were anesthetized 
with sodiiun pentobarbital (45 mg/kg i.p.) and positioned 
in a Kopf stereotaxic instrument. A midline incision was 
made in the scalp and a hole drilled for the injection of cells 
into the striatum. Rats received imilateral implants into 
the striatum at two sites with cells that were (n = 8) or 
were not (n = 7) genetically modified to secrete hNGF. The 
stereotaxic coordinates for implantation were +0.2 mm 
anterior to Bregina, 3.2 mm lateral to the sagittal suture; 
-0.2 mm posterior to Bregma, 3.2 mm lateral to the 
sagittal suture <Pa3dnos and Watson. 1986). At both sites, 
the cells were iiyect|?d in two 0.5-pl deposits with one 
deposit made at 5.4 mm, and the second at 4.9 mm, ventral 
to the cortical surface. The cells were injected in the form 
of small spheres (5-20 cells) by using a glass capDlary 
fO.D. 50-70 um) connected to a 10-vil Hamilton syringe. 
Each animal received approximately 500,000 cells at each 
of the two injection sites. Animals received injections of 
undifferentiated EGF-responsive stem cells derived from 

transgenic animals or litterraate controls. Following im- 
plantation, the skin was sutured closed. 

Nine days following grafting, all animals were anesthe- 
tized, placed in the stereotaxic instrument, and injected 
with 225 nmol of quinoHnic acid (QA; Sigma Chemical Co,, 
St. Louis, MO) into the previously grafted striatum at the 
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following coordinates: 1.2 mm anterior to Bregma, 2.6 mm 
lateral to the sagittal suture, and 5.5 mm ventral to the 
surface of the brain (Paxinos and Watson. 1986). QA was 
infused into the striatum through a 28-gauge Hamilton 
syringe in a 1-pJ volume over 5 minutes. The injection 
cannula was left in place for an additional 2 minutes to 
allow the QA to diffuse from the needle tip. The skin was 
then resutured. An additional six rats received QA lesions 
but were ungrafted and served as additional controls for 
studies examining the vascular and cellular response to 
the QA lesion and its prevention by hNGF-secreting stem 
cell implants. Immediately following the lesion, animals 
were iiyected i.p. with 10 ml of a lactated Ringer's solution 
Animus were returned to their home cage postoperatively 
and fed food mash and water ad libitum. 

Construction of the pGFAP-DHFR-l-hNGF 
expression vector 

The pGFAP.DHF«-l.hNGF expression vector was gen- 
erated through a three-step cloning process invoh-ing 
the construction of three intermediary clonine vectors 

and pGFAP-DI^R-1 as described previously (Carpente^^ 
^r^AD ri.'i^"''^'*^**^ ^'^^^^ generate the pBS(AX-B)- 
GFAP-rI2-MPl intermediary cloning vector, the pBS- 
KSCj) plasmid was digested by BamHI and Xhol, Menow 
filled in, and self-hgated. The resulting plasmid pBS(AX-B) 
was digested bj' Noil and ligated to a 2,964-bp fragment 
n° f,^^^""" pGFAP.rI2-MPl-PA2 that was digest^ by 
Bglll, Klenow filled in, and added with a Notl-linker The 
J?^ piasmid was named as pBS(AX-B)-GFAP-rI2- 
MPl. To generate the pNUT-MPl-rI2-DSall-PacI-AscI in- 
ll"?^fti'^ '■^^ PNUT-MPl.rl2 (Emerich et 

al 1996) was EcoRI digested. Klenow filled in. and added 
with a PacI knk6r. A 3.216-bp Sall/BamHI fragment 
containing the MPl and pUCl8 regions isolated from the 

f ?n?o'i'*o^,?if^^'^ pNUT-MPl-rI2-PacI was ligated 
to a 3.083-bp Sall^amHI fragment containing the dihydro- 
folate reductaae (DpR). MT-1, and rI2 re^ons isofated 
Pi^T-3VIPl-rI2-DSaU. The resulting plasmid pNUT- 
K '^"i Sail digesSd. Klenow fiUed 

i^l fil V r ^ ^''\ self-ligated. generating 

uie nnai intermediary cloning vector pNUT-MPl-rI2-DSalI 
PacI-AscI Tb generate the third intermediary cloning 
vector pGFAP-DHPR-1. a 5,438-bp Notl/BammfragTenf 
ir « 9 f°i\PNUT-JS*^-^-°S^^^-^"*^-AscI was ligated 
^^RC!m?l^^ fragment isolated from 

pBS(DX-B)-GFAP-rI2-MT'l. The resulting plasmid was 
named as pGFAP-DHFIM. The pGPAP^HFR-l-hNGF 
expression vector was constructed by subcloning a 2,508-bo 
fragment containing ti,e hNGF from pcDNAl^NeJ/hNGF 
mto the pGFAP-DHFR-1 intermediary cloning vector. The 

to verify the hNGF insertion orientation. 

Transgenic mouse production 

KTs??^ lin^i^'^P. fragment containing the GFAP-rl2. 
hNGF-MPl and SV40.mDHFR.HBV3' sequencer was Gen- 
erated by Pad and AscI digestion and size'sXSd by 
agarose electrophoresis (Maniatis, 1982). DNAwas poiri- 
ned by the 3-agarase treatment method. IVansgenic mice 
ZZXl '"^^r nM techniques^ Appro^ 
mately 2 pi of DNA solution were microinjlcted into ^e 
ma e pronucleus of fertUized eggs obtained fx °m the 
mating of FVB/N mice. The inject^ eggs were then 
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transplanted into pseudopregnant females. Identification 
of the integration of the transgene into the mouse genome 
was performed by PGR by using unpurified DNA extracts 
from tissue digests according to the method of Hanley and 
Merhe (1991). Tissue for cell ciUture was isolated from 
fetuses as described below. 

Stem cell isolation and culture 

Stem cells were isolated from the striata of embryonic 
day (E}14.5-E15.5 mice as previously described (Reynolds 
et al., 1992). Briefly, striata were removed from each fetus 
and mechanically dissociated by using a fire-polished 
pipette. Separate cultures were generated for each fetus. 
Cell suspensions were grown in N2, a defined DMEM-F12- 
based (GIBCO, Grand Island, NY) medium containing 
0.6% glucose. 25 pg/ml insulin, 100 pg/ml transferrin. 20 
nJVI progesterone, 60 pJVl putrescine, 30 nM selenium 
chloride, 2 mM glutamine, 3 mM sodium bicarbonate, and 
5 mM HEPES. This medium was supplemented with 20 
ng/ml murine epidermal growth factor (EGF; Collabora- 
tive Research, Bedford, MA). TVpically, the cells grew in 
clusters that were passaged by mechanical dissociation 
approximately once each week and reseeded at approxi- 
mately 60.000-75,000 cells/ml. 

Stem cells were differentiated by plating on polyomi- 
thine-coated glass coverslips. In these experiments, stem 
cells were plated as clusters or as a single-cell suspension. 
To induce differentiation, EGF was removed from the 
growth medium, and the medium was supplemented with 
1% fetal bovine serum CFBS). 

Bioassay for hNGF 

To assay hNGF output and ensure the secretion of hNGF 
from genetically modified stem cell-derived astrocytes, the 
stem cells were first differentiated as described above. 
Stem cells were plated as clusters on polyomithine-coated 
plastic culture dishes. The cells were grown in N2 defined 
medium supplemented with 1% FES for either 1 or 2 
weeks and were fed twice each week. At the designated 
time points the conditioned medium (CM; 3-day condi- 
tioned) was removed and used for the bioassay as de- 
scribed below. The cultures were then placed in PC-1 
defined medium (BioWhittaker, Walkersville, MD) for 24 
hours. At the end of this pulse the PC-1 medium was 
removed, and the hNGF levels were determined by enzyme- 
linked immunosorbent assay (ELISA, described below). 
The number of cells in each culture was then determined 
by trypsinizing the cells and counting them with a hemacy- 
tometer. 

The CM was Used to induce PC-12a cell neurite out- 
growth. In these* assays, PC-12a cells were plated in 
DMEM (GIBCO) supplemented with 10% FBS. The next 
day the medium was replaced with a 1:1 mix of DMEM 
with 10% FBS and the conditioned medium from the stem 
cell cultures. The PC- 12a cells were then evaluated at 24 
and 48 hours to determine the extent of neurite outgrowth. 
Outgrowth was scored qualitatively on the basis of out- 
growth from cultures that received recombinant hNGF. 



NGF ELISA 

Quantitation of hNGF released from stem cells was 
performed on aliquots of CM as follows. Nunc-Immuno 
Maxisorp ELISA plates were coated with 150 pi per well of 
anti-mouse-p (2.5S) NGF at 1 ng/ml in coating buffer 1 x 
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fPBS] without CaCl, or 
MgCl2«).l% sodiun, azide; pH 9.6). The coated plates were 

^r"Jl "^-^Kf^S 2 hours or alte^atively at 

f>,o ^.1""^^';? T^^^ v^dthdrawn from 

the weUs and the wells were washed three times with 300 

X io£ if -^^.?i-HCl/200 mM NaCl^l% S 
X-100/0.1% sodium azide; pH 7.0). The wells were then 

tl/^i^^A T ^' ""'^^ contain'.^ S 

hv^Si^l i"'Tu"'"P*''^'"'' '■"^ 30 minutes followed 
dM^i^i ^^^^'i^^l""^' ^^'^^^^ 300 Ml wash buffer) 
Siicf^^^l'^i'^ '^'i*^^'^ sa'iipJe buffer 

wells The ,,fi ^1 prepared samples loaded into the 

hours ^ Y7«r ^ ^ere covered and incubated for at least 2 
hours at 37 C or overnight at 4°C. The solutions were 

with 300 ul of wash buffer. To each well, 1 00 ul of 4 LVml of 
SeTXt/t ''^ NGF-P-galactosidkse conSga J was 
hour iS .S "^'^^^^^^ 37-C for at least 1 

hour. The solutions were removed from the wells bv 

fZX Too uro^^bf^^*^"? ^'^^ 300 ,1 of washt uffS 
f inaJJy 200 ul of chlorophenol red-P-D-galact.oDvranosidp 

r^^^CutS^M^^^ f-^^^ in 1 W mM 

/.u; was added to the welJs, incubated at STT fnr ^in 




Preparation of tissues 

microtome, and stored at -20-C in cr^oprotect^^ 

Inununocytochemistry 

and ontrS-SS^^rr^^^^ 

0^ M sodium PerioSrn*^l4'SS%^'e%°ac^ 

^r^9^ k ^ ^"^""""^ containing 3% normal 

KSiTereSll''7^'r'^\0S*^^^^^^^^ 
fl-7 ^nn Pkf r?^ incubated in the primary ChAT 



ovri!J'f "^..ou** absence of neurite extensions in PC- 12 cells 
exposed for 48h to conditioned media from control stem ceUj 
Neunu extensions displayed by PC12a cells lollow 48h of «p^sufe 



for 75 minutes. Sections were then reacted in a chromagen 
solution contauung Tris-buffered saline. 2.5% nickel 11 
sulfate 0.05% 3 3'-diaminobenzidine (dXb) and O* 05% 
HjOs. which yields a dark blue-black reaction product. A 
separate senes of sections was immunostained for rat 
semm albumin (RSA) without nickel intensification to 
^?^F?iy . of the blood-brain barrier (BBB) 
foUowmg the lesioiuarid transplant according to our previ- 
ously published protocol (Charles et al., 1996). An addi- 

iqqit aI^ ♦ described previously (KonJower et al.. 

: sections were stained with cresyl violet 

acetate (pH 3.3) to aid in cytoarchitectonic delineation and 
to charactenze the extent of the lesion. All sections were 
mounted on gelatm-coated slides, air dried, dehydrated 
and covershpped with Permount. 

Electron microscopy 

Selected DAB-treaUd sections were rinsed in O 1 M 

1.0% sodium cacodylate-buffered OsO^ for 3 hours After 
Z71T^^.'JT' T '^^hydrat.d^n graded e^^I 
and flat-embedded in plastic (Polybed 812. Ladd). Semi- 
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Ni«f .t«^ h <C.D) power photomicrographs of 

Nissl-stained sectio^is Olustrating the protection of striatal neL^nL 

te'^it^.f- ^^^'^•^ ir?'^,^'"*^^ ^P^^'^^' A: Rats receiving 
hNCF-secnreting stem cell implants display minimal or no ceU loss 

S'iip^r!. ''^'''w'^^ ^ ^^'^^^^^^^ extensive neuJ^ 

fnT KMPp" "^'^ receiving QA lesions and control 

(non-hNGF-secreting) si^m ceU grafts. Tae arrowheads outl^e Oie 



extent of the lesion. C: In hNGF-grafted rats, numerous healthy 
appearing neurons were obscr\ed throughout the striatum even 
proximal to the QA needle tract (arrows). D: In contrast, virtually no 
viahlp neuroas and an intenss glioais were observed proximal to the 
QA needle tract in rats receiving control stem cell implants (arrows) 
Scale bar = 1 .000 urn io A.B; 100 pm in CD. 



thin sections were stained with toluidine blue to verify 
correct location and orientation. Ultrathin sections (silver- 
gold interference were coHected on 200-mesh grids and 
stained with lead citrate and uranyl acetate by conven- 
1 o^r? 1 ^^<^^^onB were studied with a JOELCO 

IZOO EX electron nucroscopc. 

Immunohistochemistry: Controls and caveats 

Controls for iimnunohistochemistry consist of process- 
^rftiK^""® ^ described above except for using the primary 
antibody solvent or an irrelevant IgG in lieu of the primal 
antibody. It is important to note that specificity for 

P^^^^^ not absolute 
Regardless of the fact thiit substitutions for the primarv 
anubody may abolish imxnunoreactivity, tlie pJteS for 
^ eS^''^^ with structuraDy related antigens canno 
excluded. Thus, a degree of caution is warranted, and 
acti^Jtr to "-lilte- iininunore- 

Quantitative morphometric analysis 

The qiiantitation of striatal neurons was performed as 
^tTToi^fr"^^ (Emarich etal., 1994, 1996; Kordower 
et al.. 1994)by an invesUgator blinded to the experimental 
condition. The size of the lesion was determined b^^^^ 



the NTH Image 1200 analysis system. The rostral caudal 
extent of the lesion area was traced on equispaced Nissl- 
stained sections by using a computer mouse, and the lesion 
area was automatically calculated for that section. Then, 
the total area was calculated by interpolating the lesiori 
area between measured sections. The present study was 
concerned with the relative number, not the absolute 
number, of GAD-ir, ChAT-ir. and NADPH-containing neu- 
rons within the intact and lesioned striatum under control 
and hNGF-grafled conditions. Thus, the number of GAD-ir, 
ChAT-ir, and NADPH-conLaining neurons was quantified 
bilaterally for each animal by using estabhshed quantita- 
tive morphometric procedures (Emerich et al.. 1994, 1996; 
Kordower et al., 1994). For each rat, five coronal sections 
through the striatum beginning at the level of the QA 
injection and extending equidistantly in the anterior and 
posterior direction at 200-pm intervals were analyzed. 
Every ChAT-, GAD-, or NADPH-d -positive neuron in each 
of those sections was counted by an individual bhnded to 
the animal's experimental condition. 

Data analyses 

Data were analyzed with an SAS-PC*^* statistics pro- 
gram. Analyses of variance were conducted by using the 
procedures for general linear models (SAS Institute Inc., 
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Fig. 3. Low- (A.C) and high- tB.Dl power photomicj-ographs of 
glutamic acid decarbox>'lasetGAD}-immunostained sections illusirai- 
ing the protection of gamTna-aminobuUTic (GABA)-ergic neurons by 
hKGF-secreting stem cell implants. A: Note the similaritv in GAD- 
immunoreactive staining pattern on the lesiori/graft side of the 
striatum (right side) relative to the intact contralateral side in 
hNGF-grafted animals. B: At higher magnification, numerous GAD-ir 



1989). Data are presented in the text and in all figures as 
means ± SEM. 



RESULTS 

PC-12 cell bioassay 

Conditioned media obtained from the differentiated 
GFAP-hNGF and control stem cell cultures were coD acted 
and cultured with PC-12 cells. Within 24 hours following 
exposure to the conditioned media, long neuiites were 
observed extending from the PC-12 cells that were exposed 
to media from hNGF- secreting stem cells (Fig. IB). In 
contrast, neurite extension was not induced in PC-12 ceDs 
exposed to media from control (non-hNGF secreting) stem 
cells for up to 4fi hours (Fig. lA). 

GFAP-hNGF stem cell grafts: 
Effects on lesion area 

Nissl-stained sections revealed large areas of neural 
degeneration within the striatum in all animals receiving 
QA lesions and control (non-NGF-secreting) transplants 
(Fig. 2B). Occasionally, the lesion extended into the frontal 
and temporal neocortices. These lesions were spherical or 



neurons were observed within the lesioncd/hNGF-grafted striatum, C: 
In contrast, an extensive loss of GAD-ir neurons and neuropil was 
observed in QA-lesioned rats receiving control stem cell implants. The 
scope of the lesion is demarcated by arrowheads. D: At higher 
magnification, few GAD-ir neurons were observed. Scale bar = 1,000 
pm in A,C; 50 \xm in B.D. 



elliptical in shape and in many sections encompassed the 
entire striatum, which displayed a marked reiduction in 
neurons and an abundance of glial ceils (Fig. 2D). In 
contrast, small or negligible regions of degeneration were 
seen within the striatum of rats receiving QA lesions and 
GFAP-hNGF stem cell implants. In fact, no lesion was 
discerned in Nissl-stained sections in four of the eight rats 
receiving J^GF-secreting stem cell implants (Fig. 2A). In 
GFAP-hNGF-grafled animals, healthy appearing neurons 
could be observed immediately adjacent to the QA injec* 
tion site (Fig. 2(>). Quantitative analyses of the lesion area 
using a one-way ANOVA between groups supported these 
qualitative observations. The lesion area in rats receiving 
control transplants was 12.78 mm^ z 2.53. In contrast, the 
lesion area was significantly diminished (1.91 rom^ ± 1.02) 
in rats receiving NGF-secreting stem cell implants 
I(F1,13)= 17.45; P= 0.001]. 

GFAP-hNGF stem cell grafts: Protection 

of GAD, CKAT, and NADPH-positive neurons 

ChAT-ir, GAD-ir, and NADPH-diaphorase-stained sec- 
tions within the unlesioned, contralateral striatum, re- 
vealed a general pattern of labeled perikarya consistent 
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previous observations (e.g.. Emerich et aJ., 1994. 
1 I' Sr!?,^* Martinez-Serrano and BjSrk- 

lund. 1996). AH specific staining waa eliminated when 
control expenments were performed with the primary' 
antibody deleted or an irrelevant IgG substituted for the 
primary antibody. 

The ability of hNGF-secreting stem cell implants to 
prevent the degeneration of GAD-ir, ChAT-ir. and NADPH- 
d-contaimng neurons was evaluated with a 2 X 2 ANOVA 
including Groups (control vs. NGF stem cells) and Side 
(I-esioned vs. Nonlesioned) as factors in the anaJyjses Cell 
counts for each type of stain (GAD, ChAT, or NADPH-d) 
were analyzed separately. 

In control-grafted rats, there was a dramatic loss of 
UAD-ir striatal neurons. In sertions proximal to t^ie lesion 
l?^m " substantial loss of GAD-ir neurons (Fig 

dC,JJ). faome sections displayed virtually no GAD-ir stria- 
tal neurons ipsilateral to the lesion. In contrast, GAD-ir 
neurone were spared in GPAP-hNGF stem cell-grafted 
ammals. In a few GFAP-hNGF stem cell-grafted aSnals. 
there was no discernible loss of GAD-ir neirons within the 

Quantitative analysis con! 
finned this qualitative assessment. A two-wavANOVA 
ITtti °r^^ GAD-positive cells was^^ 

canUy reduced in ^1 animals on the lesioned side relive 
to the nonlesioned side; the main effect for Side was 
statistically significant. F(l,13) = 48.06. P = 0 0001 
However rats implanted with GFAP-hNGF stem cells 
displayed an attenuated lo« of GAD-ir cell (12.7% V3. 50%) 
relabye to rats implanted with control cells, the Group X 

t&T="^^mF%T''''^'' ^^''''^ = 

The .QA lesion resulted in a dramatic loss of ChAT-ir 
neurons within the striatum in animals receiving control 
transplants. In sections proximal to the needle tract there 



was almost a complete loss of ChAT-ir neurons (Fig. 5B). 
Those few neurons that did remain following the lesion 
appeared atrophic with blunted dendrites (Fig. 5D). In 
contrast, the loss of ChAT-ir cells was completely pre- 
vented by intrastriata] transplants of NGF-secreting stem 
cells. In these animals, there were numerous ChAT-ir 
neurons throughout the striatum, even in sections that 
contained the QA lesion needle tract. These neurons were 
large in size (25-35 iim in diameter) with long neuritic 
processes, and they displayed the typical morphological 
profile of healthy cholinergic striatal intemeurons (Fig. 
5C}. Quantitatively, the number of ChAT-positive cells was 
significantly reduced on the lesioned side relative to the 
nonlesioned side; the main effect for Side was statistically 
significant. F(1.13) - 14.03, P « 0.003, Control-grafted 
rats displayed a 64.2% reduction in the number of ChAT-ir 
neurons relative to the contralateral side. This loss was 
ameliorated in rats implanted with hNGF-secreting cells 
(-3.2%); the XSroup X Side interaction was statistically 
significant: F(1.13) = 16.76. P = 0.001 (Fig. 6). 

In contrast to the potent protection of ChAT-ir and 
GAD-ir neurons, implants of GFAP-hNGF stem cells had 
more modest effects upon NADPH-d-positive striatal neu- 
rons. On the intact side, numerous small NADPH-d* 
positive cells with long varicose processes were observed 
scattered throughout the striatum. In all animals, the 
number of these cells was substantiolly reduced on the 
lesioned side relative to the nonlesioned side; the main 

effect for Side was statistically significant: F(1,13 j = 92.99. 

P J 0.0001. Rats recei\ang control grafts displayed a 84% 
reduction in NADPH-d positive neurons ipsilateral to the 
lesion relative to the contralateral side. In many sections, 
these animals displayed a complete loss of NADPH-d 
positive ceUs (Fig. 7C.D). A significant sparing of diapho- 
rase-containing neurons was observed in hNGF- treated 
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Fig. 5. Low- (A3) and high- tC,D) power photomicrographs of 
choline acetyltransferase (ChAT)-iinmunostained sections illustrating 
the protection of cholinergic neurons by hNGF-secreting stem cell 
Implants. A; Numerous ChAT-ir neurons scattered throughout the 
striatum in rats receiving hNGF stem cell implants. B: In contrast, 
few ChAT-ir neurons were seen in rats receiving control stem cell 
implants. The arrows in panels A and B illustrate the location of the 
stem cell implants. This discordance in ChAT-ir staining patterns is 
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not due to technical factors because similar staining patterns are seen 
in both hNGF- and contro]*graited animals within the horizontal limb 
of the diagonal band. Cr In hNGF-grafted rats, ChAT-ir neurons 
appeared healthy with normal striatal morphological proves. D: In 
control-grafted rats, only an occasional shrunken ChAT-ir neuron was 

observed (arrow). LV, lateral ventricle; AC. anterior commissure. Scale 

bar = 500 pro in A3; 100 pm in CJ). 



rats; the Group X Side interaction was Statistically signifi- Within the striatum of these aiumals, a clearly defined 
cant: F(l,13) = 11.18, P = 0.005; Fig. 8). However, these locus of the lesion could be discerned (Fig. 7A). In the 
rats still displayed a 41.4% loss of NADPH-d positive cells, lesion area, few NADPH-d-positive eeUs were seen. How- 
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ever, once outside tKc penumbra of the lesion, the NADPH-d 
stained striatum appeared normal with numerous multipo- 
lar neurons giving rise to a dense neuropil (Fig. 7B). 

GFAP-hNGF stem ceU grafts: 
Localization of stem cells 

A mouse-specific antibody was used as a species-apecific 
marker for the grafted stom cells. By using this marker 
grafted stem cells were identified in all control and hNGF- 
treated animals (Fig. 9A). There were no apparent differ- 
ences in the extent of graft viability between the two 
groups. Dense clusters of M2.ir stem cells were observed 
pnncipally within and around the needle tract. Uttle if 
any nugration of M2-ir cells was noted. This antibody 
predommantly stains the external cell membrane, and as 
such, perikarya are usually not visualized. Rather in most 
mstances, processes were visuaHzed emanating from a 
nommmunoreactive peiikaryon (Fig, 9B). The exception to 
this staimng pattern was observed principally at the base 
of injection sites where a dense column of cells within the 
tract expanded mto a teardrop-shaped or round cluster of 
cells. Under these conditions, M2 immunoreactiAity ap. 
ur!i;^T 1^ P^^^^^t within grafted perikaiya (Fig. 9C) 
With NiBsl stams, these graft deposits appeared as coL 
Jections of small pale perikarya with a darkly stained 
nucleolus (Fig. 9D). Surroimding these cells were smaller 
more darkly stained cells that exhibited morphological 
profi es sumlar to glial ceUs. M2-immunoreactive sections 
count^rstained for Nissl substance indicate that many, but 
not all, of these more darkly stained ceUs were of graft 
on gin. ^ 



GFAP-hNGF stem cell grafts: Sprouting 
of cholinergic basal forebrain fibers 

Stem cells derived from transgenic mice in which the 
GFAP promoter directs the expression of hNGF induced a 
p75NTR.ij. sprouting response (Fig. 10). This phenomenon 
was seen in all animals receiving hNGF-secreting stem 
cells (Fig. lOA-C) but was never observed in control rats 
treated identically except that the grafted stem cells 
lacked the hNGF construct (Fig. lOD). In animals grafted 
with non-hNGF-secreting stem cells, only a rare p75^**^-Lr 
process was observed (Fig. lOD). In rats' receiving hNGF- 
secreting stem cell grafts, fibers immunoreactive for the 
low-affinity p75^ were seen surrounding the grafted 
cells and penetrating for short distances within the graft 
site. These fibers were thin and varicose with a CNS 
morphology. These fibers did not stain for DPH (data not 
shown), ruling out the possibility that this innervation 
could result from ingrowth of sympathetic fibers that are 
also immunoreactive for the p75^. Rather, these fibers 
appeared to emanate from cholinergic neurons within the 
basal forebrain, a region whose neutrons are exquisitely 
sensitive to the trophic and tropic influences of NGF. The 
p75^-immunostained fibers were seen coursing from the 
underlying horizontal limb of the diagonal band of Broca 
and the anterior subdivision of the nucleus basalis toward 
the hNGF-secreting graft sites following an aberrant 
tr^ectory that coursed through the ventral striatum. 
These fibers surrounded the graft along the periphery of 
its entire dorsoventrai extent and penetrated the graft for 
short distances. Although tract tracing would provide 
direct evidence supporting the obsen^ation that this p75^ 
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hNGF^ 




D 




nIdptL ,^ -^"^^ '^'^^ P°^^^ photomicrographs of 

clnS- • ^^"^ "''^ lUuEtraiingthe protection of diaphorase- 
^G^^LT'T I' ^G^-s^retiDg stem cell implant^. A: In 
W^GF-graftcd rats, there was a partial loss of NADPH-d^ontaininff 
ce Is and neuropil farrowheads). B: The NADPH-positive cells ouUid! 
"iia area appeared healthy iviih normal morphological profiles. C: In 



contrast, QA-lesioned rats receiving control stem cell implantf dis- 
played a comprehensive loss of NADPH-d-positive neurons, which 
often encompassed the eniire etriatum (arrowheads). D: At higher 
magnification, few viable KADPH-d-stained neurons were observed. 
Scale bar = 500 pm in A,C; 50 urn io B,D. 
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sprouting response emanates from the basal forebrain it 
IS notable that p7o^ is a specific marker for cholinergic 
basal forebrain neurons in the rat forebrain (e z Kor- 
dower et al, 1988). p75^ is not found within the striatum 
under normal conditions and is not induced in neurons 
within the striatum following mechanical damage, excito- 
toxic lesions, or intrastriatal administration of NGF CBar- 
tusetal., 1996). 

GFAP^hNGF Stem ceU grafts: 
inliibition of glial and barrier changes 

In both nongnrafted rats and rats receiving implants of 
control stem cells, injections of QA into the striatum 
""V^^ ^ ^ vigorous, but nonuniform expression of 
P75 « receptor. Upon cursory light microscopic examina- 
tion, this stainmg pattern appeared to be within vascular 
elements CFig. 11). However, electron microscopy revealed 
tnat the iramunoexpression was exclusively associated 
with astrocytes (see below). This response was massive 
often involving the entire striatum and surrounding cere' 
fk'^''; ""i^™^ animals, the p75^R response spread 
into the lateral septum. This response was only observed 
ipsilateral to the QA injection and was never obser^eZon 
the mtact side. The magnitude of this response was similar 
m ungraded rats and rats receiving control stem cell 
grafts, indicating that the presence of the grafted ceUs did 
not underhe this response. AstrogHal elements upon ves- 
sels throughout the lesioned striatum were densely immu- 
noreactive for the p75^^ receptor (Fig. IIB-E). In addi. 
Uon to the vasculature-related astronlia occaeionfll 
tnangularshapedcellsofunknownorigin.p^^^^^^^^^ 
iia, were also immunoreactive for the pTS^TR n^centor 
withm the sphere of the lesion (Fig. HE). Remarkably, this 



robust p75^'TR vascular and cellular response following QA 
was virtually absent within the striatum of rats receiving 
identical lesions and stem cell gi-afts with the addition of 
the hNGF construct. In all but one of these animals, the 
striatum appeared normal, although some animals dis- 
played an attenuated cellular response within the overly- 
ing cerebral cortex. It is notable that the one animal that 
did display a modest p75^'"^-imm\moreactive vascular 
response within the striatum displayed the least neuronal 
protection from the hNGF stem cell grafts supporting the 
concept that this response is associated with the neuronal 
death resulting from the QA lesion. Extravasated RSA. 
which was found specifically within the QA lesioned stria^ 
turn (Fig. 12B), was not observed within the striatum in 
hNGF-grafted rats, indicating an intact blood-brain bar- 
rier was sustained within the striatum of these animals 
(Fig. 12A). OccasionaUy, there was RSA-ir within the 
overlying cortex in hNGF-grafled rats. 

As was suggested by the Ught microscopic immunopyto- 
chemical data, ultra structural analyses revealed that the 
immunoexpression of p75^ varied in relation to the 
vascular network within the lesioned area. The deposition 
of reaction product was always associated with astrocytic 
membranes and surrounding extracellular space and not 
the cerebral endothelia or their basement membranes. 
There was no evidence that the p75^ immunoreactivity 

was directly related to the cerebral endothelia or perivascu- 
lar space. Sometimes, the reaction product would appear 
at the interface between an astrocyte cell body and a foot 
process adjacent to a capillary (Fig. 13A,B). Most often 
however, extensive p75*^*TR immunoexpression was associ- 
ated with the membranes of reactive, filament-laden, 
astroglial processes. At times, the reactionproduct ex- 
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Fig. 9. Low- (A) and medium- (B ) power photomicrographe of stem Nissl'Stained section adjacent to the one illustrated in panel C 

cells visualized with the iDouse>5ped6c neurofilament antibody' M2 in illustrates the center of the fraft containing palely stained cells that 

an hNGF-erafted animal. Note the exclusive presence of stained ceils display an immature stem cell-like morphology. In contrast, cells at 

within the site of graft deposits. C: High-power photomicrograph of the borders of the graft exhibit a glial morpholog>'. LV, lateral 

W2-ir graft Bile illustrating a dense collection of grafted cells. D: A ventricle, Scale bar = 500 pm in A. 250 pm in B. 50 pm in C,D. 
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f If i ; •^.^.'^ ^'^VkSJ-^^ P°*^^ photomicrographs of sec 

P^'* - illustrated that aVlexus of 
pTS'^.ir fibers encircles and penetrates into hNGF-secreting stem 



cell grafts (GJ. CD) In contrast, only an occasional pTS^TR .ir process is 
seen coursing near a control, non-hNGF-secretiag. stem cell graft (G). 
Scale bar = 250 urn in A. 100 um in B-D. 
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Fig. 11. The hNGF-aecretmp st«m cell implanta prevented b 
QA-lesioned mediated pTS'^^^-irrrtspooseuithixi the striatum. A: Note 
the absence of p75*^^-ir staining within the striatum of hNGF-grafted 
rats except for a small area aroxuid the implant site (arrow) that is 
composed of sprouting fibers from the basal forebrain. pTS'^f^-ir was 
occasionally seen within the corUax of these animals only on the side 
ipsilateral to the lesion (arrowheads), B: In contrast, a ma&sive 



p75NTB,^r glial response around veeselft was within the striatum 
and cortex (arrowheads) in QA-lesioned rats receiving no implant or 
fC-E) control stem cell grafts. Note C, a nonuniform expression 
p75^-ir within astroglia surrounding the blood vessels. E: Hi^-power 
photomicrographs illustrating the expression of glial-derived pTS^'^-ir 
upon striatal microcapillaries (curved arrows). Scale bar =1,000 pm in 
A,B, lO.^yminC.D, 15.6 )im InE. 



tended between a large process and a thin foot process 
adjacent to capillaries orlai-ger microvessels (Fig. 13C,D). 
Although the vascular basement membranes were always 
free of p75^'™ immunoreactivity, by contrast the reaction 
product for RSA completely flooded the basement mem- 
branes and perivascular spaces (data not shown). 

DISCUSSION 

The present study clearly shows that implants of EGF- 
responsive stem cells, which upon differentiation secrete 
hNGF, forestall the degeneration of striatal neurons des- 
tined to die in an animal model of HD. The use of stem cells 

that secrete a desired bioactive molecule to modify degen- 
erating host systems has specific advantages over other 
forms of cellular delivery. These cells can be exponentially 
expanded in vitro without the use of oncogenes providing a 
limitless supply of donor cells. They can be banked and 
screened for the absence of adventitious agents. These 



cells also have the properties of self-renewal and under 
appropriate conditions diflFerentiate into specific pheno- 
types based upon their local environment. 

GFAP-hNGF stem cell grafts: 
Effects on striata] neuronal populations 

In the present study, grafts of EGF-responsive stem cells 
that secrete hNGF clearly reduce the size of a striatal 
lesion resulting from injections of a high dose (225 nmol) of 
QA. In some animals, there was no discernible loss of 
neurons on Nissl-stained sections. Critically, the present 
Study shows that the loss of GABA-ergic neurons, which 
provide the major outflow of information emanating from 
the striatum, was completely prevented in rats receiving 
hNGF-producing grafts. Previous studies using NGF- 
secreting fibroblasts have shown that the size of the lesion 
is reduced following grafts of hNGF-producing fibroblasts 
(Schumacher et al., 1991; Emerich, 1994; Prim et al,, 
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Fig. 12 Low-power pbotomicroeraphs of rat serum albumiD (KSAV 
mununostamed sections. A: Ic hNGF-grafted animals, there 
virtually no cjtpresaion of BSA even at the site of the oTinJ^ctT^ 
(arrow) illuBtraUng an itxtact blood-brain barrier. B: c^tra«. «u 

KSA-lr throu|hout the striatum and within the overlyine cortex 
(arrowhead). Scale bar- 1,000 pm in A, B. «="y"i6 wriex 

llfxl^'^t- l^^^^- suggest that GABA-ergic 

ce is, which compns* between 95 and 99% of striatal 
mterneurons. are protected. Furthermore, Martinez- 
Sen-ano and BjSrklund (1996) used DARPP.32 immunohis- 
tochemistry to iUustrate that grafts of NGF-producing 
progenitor cells sustain the GABA-ergic innenration to the 
globus palhdus m QA-Iesioned rats in addition to protect- 
ing striatal projection perikaiya. Taken together, these 
or^ftc fKMnr^'*^'^''*-*^'^*,*" generate a consensus that 
twf f '^^"^ P'-e^^^t the degenera- 

t,on of GABA-ergic neurons and sustain striatal circuitry 
"f^iLf Additionally, the NGF stem cell 
grafts prevented the loss of a number of other striatal 

^^r!&T^^^^°'' ^tVl'li?? cholinergic cells and ceUs 
^ n^?^- NADPH-d. These cell populations 

rn^u ^ vulnerable in the excitotoxic lesion model 
or in MD. However, we used a very high dose of OA f225 
'^1^^ stjid:^ which rBsulteZin L dege^erl«S 
these additional cell populations . 

Neuroprotectioii of striatal neurons 
by trophic factors: 
Issues of trophic factor delivery 

Interestingly, there appears to be a dichotomy about the 
^IT'i ^P^P"^^^"*"? protected by NGF depending on the 
method of neurotrophin deliveiy. Infusions ^recombinant 
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NGF spares only cholinergic striatal intemeurone des- 
tined to degenerate following exdtotoxic lesions of the 
striatum (Davies and Beardsall, 1992; Kordower et al 
1994; Venero et al., 1994). Similarly, intrastriatal infusion 
of NGF specifically induces hypertrophy of cholinergic 
neurons (Gage et al., 1989; Bartus et al., 1996) and 
specificaliy increases ChAT mRNA CVenero et al., 1994) in 
intact animals. These findings are not sxirprifiing because 
mxmunohistochemical studies have shown that the trkA 
receptor, which transduces the NGF signal, is located 
exclusively within cholinergic intemeurons in the stria- 
turn CStemenger et al., 1993; Sobreviela at al., 1994; Chen 
et aL, 1996). Because cholinergic degeneration is not a 
central pathology in HD, sparing these neurons would 
likely not be a useful treatment strategy. However, NGF 
delivered under differing conditions can effect a number of 
seemingly trkA-negative neuronal populations. Mattson 
and co-workers show that in vitro application of NGF 
prevents the excitotoxic degeneration of non-trkA-express- 
ing hippocampal neurons resulting from glucose depriva- 
tion or hypoxia (Cheng and Mattson, 1992; Cheng et a] 
1992, 1993; Mattson et al., 1993; Mattson and Cheng* 
1993; Mattson and Scheff, 1994). Recently, a number of 
studies have shown that transplants of NGF-secretlng 
fibroblasts rescue cholinergic and noncholinergic striatal 
neurons from excitotoxic degeneration (Schumacher et al 
1991; Emerich. 1994; Frim et al.. 1993a,b,c. 1994). More- 
over, hNGF-secreting fibroblasts induce hypertrophy in 
both cholinergic and noncholinergic striatal neurons in 
intact animals (Kordower et al.. 1996). These findings gave 
rise to the hypothesis that cellular delivery of NGF plus an 
additional factor secreted by fibroblasts combined to pro- 
vide a novel sphere of trophism that included both cholin- 
ergic and noncholinergic striatal neurons (Kordower et al.. 
1996). However, the present study and the recent findings 
of Martinez-Serrano and Bjorklund (1996) indicate that 
grafts of stem cells that have been genetically modified to 
secrete NGF also prevent the degeneration of GABA-ergic 
and NADPH-erpressing striatal neurons, in addition to 
cholinergic cells. It remains likely that the protection of 
ChAT-positive neurons in this and previous studies using 
cellular delivery of NGF results from the neurotrophin 
binding to trkA receptors located upon cholinergic neu- 
rons. However, the mechanism by which NGF-secreting 
grafts provide trophic support for noncholinergic, non-trkA- 
expressing cells remains elusive. 

Neiupoprotection of striatal neurons 
by trophic factors: 
Potential mechanisms of action 

One potential eacplanation is that NGF-secreting cells 
increase the production of free radical scavengers^ such as 
catalase (Frim et al., 1994), which then protects striatal 
neurons in a general and nonspedfic fashion. If this 
hypothesis is correct, then infusions of NGF, which only 
provide trophic support for cholinergic intemeurons, should 
not induce catalase expression. This important piece of 
information remains to be determined. An alternative 
hypothesis stems firom the observation in the present 
study that hNGF-secreting grafts prevent the expression 
of p75^ receptor-ir within or upon the membranes of 
apparently reactive astrocytes following exdtotoxic lesions 
of the striatum. Although this appears to be the first report 
of vascular ^IV^^ immunoreactivity following excitotoxic 
lesions of the striatum, similar changes in other regions 
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Fig. 13. A: Astrocyte ceU body (As) is in close proximiQr to a 
cerebral capillary Co) in whidi the chromatin distribution of the 
endothelial ceU (E) is suggestive of cell division. Arrows denote p75^* 
immunoexpreseion on astrocyte cell membraae. B: Higher magnificj^ 
tion of Figure 1 showing discrete deposition (arrows) of p75™ 
Immuaoexpresfilon between the astrocyte soma (Aa) and an astrocyte 
foot process (P) adjacent to the capillary (c). C: Extensive p75NTR 
immunoeanpression is present in the interval between a large reactive 



have been reported in the dorsal coliimn nuclei following 
excitotoxic lesions of the ventrobasal complex of the thala- 
mus (Junier et al., 1994). In ungrafled ratr. or rats 
receiving stem cells that were not genetically modified to 

secrete hNGF, an extensive network of p75^-ir astroglial 

processes related to the vascular network was observed 
specifically within the grafted striatiun. The blood-brain 
barrier was clearly compromised as shown by the exten- 
sive leakage of rat serum albumin within the striatal 
parenchyma ipsilateral to the lesion. This effect was 



asUocyticprocess(A)andathi.footpr^^^^^^^^ 



ocytic process in J aiiuoiii>u.v-.i , — " • . u„'„.-f 

(c). Note Uiat. the reaction product is found outside the basement 
membraae C) sumunding the capiUaty. D: Strong pTS-"" immuno- 
r«reJ^ioa U present along a reactive astrogUal (A) process (arrows) 
^ Lo coats soie collagen fibrils (arrowheads) adjacent to a larger 
microvessel (v) Ae^; the reaction product is not assoaated with the 
^S,Maoritebaaenvintmembra»e('^ 
0.4 pm ID B, 0.35 yxn in 

prevented in hNGF-grafted animals. I^^terestingly. some 
rats treated with bNGF-secreting stem ceUs sUll showed 
jhis p75NTR.ir astroglial response in the overlying cortex, a 
region that would not be expected to receive graft-denved 
hNGF from cells grafted to the striatum. It appears that 
this response is related to neural degeneration l^ause it 
was observed in the one hNGF-grafled rat that displayed 
the least neural protection. RecenUy, it has been postu- 
lated that naked pTS""' unbound to NGF kills cells 
(Rabisadeh et al., 1993). Whether the cell death observed 
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in ungrafted or control-grafted rats following QA and its 
prevention by graa-derived hNGF is due in part to this 
striatal expression of p75^ upon glial elements deserves 
further scrutiny. Because QA lesions resulted in an open- 
ing of the BBB, it remains possible that some aspects of 
neural degeneration associated with QA tojdcity may 
result from secondary factors originating from the sys- 
temic circxilation in addition to its well-established excito- 
toxic mechanisms. Moreover, the barrier dysfunction was 
directly associated with an upregulatioo of pTB^TR on 
reactive astrogha. By preventing the astroglial/pTS^TR 
response, the hNGF-secreting grafts appear to prevent the 
breakdown of the blood-brain barrier^ possibly through an 
astroglial-mediated mechanism. This mechanism may un- 
derlie the protection of noncholinergic, trkA-nega.tive neu- 
rons, by hNGF-secreting stem cell grafts. These findings 
could be a fertile area for future investigations of neural 
protection and blood-brain barrier function. 

Future directions 

For a gene therapy approach to be of value for the 
treatment of a neurodegenerative disease, such as HD, the 
long-term expression of the appropriate transgene is criti- 
cal. In the present study, we observed the potent viability 
of pafted stem EGF-responsive ceUs for up to 3 weeks by 
using a species-specific marker. Recently, we used immuno- 
histochemical techniques to determine that these cells 
continue to express hNGF for up to 3 weeks at a level 
sufficient to sustain neuronal hypertrophy in intact ani- 
mals (Carpenter and Koixiower, unpublished data). Addi- 
tionally, the hNGF-mediated sprouting response was ro- 
bust 3 weeks posttransplantation, providing circumstantial 
eviden^ that hNGF waj; still being secreted by grafted 
ceUs. However, long-term studies are needed to show 
conclusively that hNGF continues to be secreted by these 
cells in vivo. 

The present study clearly shows that intrastriatal im- 
plants of hNGF-secreting stem cells protect vulnerable 
populations of striatal neurons from excitotoxic degenera- 
tion m a rodent model of HD. The magnitude of this effect 
IS similar to what we have recently seen following im- 
pl^ts of hCNTF-producing fibroblasts (Emerich et al 
1996). The use of trophic factors in a neural protection 
^^^^^.^^ ^J'^^^'^^^y relevant for the treatment of 
HD. Unlike other neurodegenerative diseases, genetic 
screening can identify virtually all individuals at risk that 
will ultimately suffer from HD. This provides a unique 
opportunity to design treatment strategies that can inter- 
vene prior to the onset of striatal degeneration Thus 
instead of replacing neuronal systems that have ah-eady 
undergone extensive neuronal death, trophic factor strate- 
pes can be designed to support host systems programmed 
to die later m the organism's life. Studies assessing the 
long-term benefits of this approach in rodents and nonhu- 
man pnmate models of HD, in coiyunction with behavioral 
studies aimed at evaluating the effects of trophic factor- 
secretmg traneplanta upon both motor and cognitive se- 
quelae resultmg from excitotoxic striatal lesions, will 
ultimately determine the clinical utility of this novel 
appi^ch. Additionally, when evaluating a novel therapeu. 
tic strategy, the impact of unwanted effects of the inten^en- 
tion need to be considered. In the present study, sprouting 
of choLnergic fibers from the nucleus basalis to the NGF 
stem cells was observed. Whether this aberrant sprouting 
would occur in the large primate brain where the striat^ 
target and the NGF-responsive basal forebrain cells are 
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spatially more segregated and whether this, sprouting 
response is functionally deleterious needs to be estab- 
lished. 
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The capability for in vitro expansion of human neural stem cells 
(HNSCs) provides a well characterized and unlimited source 
alternative to using primary fetal tissue for neuronal replace- 
ment therapies. The HNSCs. injected into the lateral ventricle 
of 24-month-old rats after in vitro expansion, displayed 
extensive and positional incorporation into the aged host brain 
with improvement of cognitive score assessed by the Morris 



water maze after 4 weeks of the transplantation. Our results 
demonstrate that the aged brain is capable of providing the 
necessary environment for HNSCs to retain their pluripotent 
status and suggest the potential for neuroreplacement thera- 
pies in age-associated neurodegenerative disease. NeuroReport 
12:1 127-1132 © 2001 Lippincott Williams & Wilkins. 
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INTRODUCTION 

The discovery of multipotent neural stem ceils (NSCs) in 
the adult brain [1,2] has wrought revolutionary changes in 
the theory on neurogenesis, a theory that now suggests 
that regeneration of neurons can occur throughout life. To 
further this revolution, we have recently shown that hu- 
man neural stem cells (HNSCs) differentiated and survived 
>3 weeks in basal media without the addition of any 
supplements or exogenous factors [3]. This result suggests 
that HNSCs are capable of producing endogenous factors 
necessary for their own survival and neuronal differentia- 
tion. Together, these recent findings stimulated us to 
investigate the transplantation of HNSCs to determine 
whether or not the aged brain will provide the necess'ary^ 
environment needed for a successful HNSC transplanta- 
tion. Here we show, for the first time to our knowledge, 
tl\at not only did HNSCs expanded in vitro survive 30 days 
after xenotransplantation, retaining both multipotency and 
migratory capacity, but more remarkably, HNSC trans- 
plantation improved cognitive function in 24-month-old 
rats. 

MATERIALS AND METHODS 

Detailed methods for the maintenance and proliferation of 
HNSCs have been described previously [4]. Briefly, the 
HNSCs were cultured in 20 ml serum-free supplemented 
growth medium consisting of HAMS-F12 (Gibco, BRL, 
Burlington, ON); antibiotic-antimycotic mbcture (Gibco); 
B27 (Gibco); human recombinant FGF-2 and EGF (R and D 
, Systems, Miiuieapolis, MN) and heparin (Sigma, St. Louis, 
MO). The cells were incubated at 37**C in a 5% CO2 
hunudified incubation chamber (Fisher, Pittsburgh, PA). 



To facilitate optimal growth conditions, HNP spheroids 
were sectioned into quarters every 2 weeks and fed by 
replacing 50% of the medium every 4-5 days. 

Matured (6 months old) and aged (24 months old) male 
Fischer 344 rats were deeply anesthetized with sodium 
pentobarbital (50 mg/kg, i.p.). Using bregma as a reference 
point, about 10^ cells were collected and slowly injected 
into the right lateral ventricle (AP -1.4; ML 1.8; DV 
3.8 mm) of the brain using a stereotaxic apparatus (Devid 
Kopff). Inunimosuppressant was not given to the animals. 
The memory score was tested before and after the injection 
of cells using the Morris water maze. 

All animal experiments were conducted in strict accor- 
dance to guidelines of the university animal care conunit- 
tee. The Morris water maze was conducted as described 
before [5]. The water maze consisted of a large, circular 
tank (diameter 183 cm; wall height 58 cm) filled with water 
(27°C) opacified by the addition of powdered nriilk (0.9 kg). 
Beneath the water surface (1cm), a clear escape platform 
(height, 34.5 cm) was positioned near the center of one of 
the four quadrants of the maze. The rats received three 
training trials per day for 7 consecutive days, using a 60s 
inter-trial interval. A training trial consisted of placing the 
animal in the water for 90s or until it successfully located 
the platform. If the rat failed to find the platform within 
the 90s it was gently guided to the platform. For spatial 
learning assessment, the platform's location remained con- 
stant in one quadrant of the maze, but the starting position 
for each trial was varied. Every sixth trial was a probe trial, 
during which the platform was retracted to the bottom of 
the pool for 30 s and then raised and made available for 
escape. The training trials assess the acquisition and day- 
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to-day retention of the spatial task while the probe tests are 
used to assess the search sh-ategy. At the completion o the 
spatial learning assessment, one session with six tnals ot 
cue training was performed. Rats were tramed to escape to 
a visible black platform raised 2cm above the surface of 
the water. The location of the platform was varied from 
trial to trial in order to assess sensorimotor and motiva- 
tional functioning independent of spatial learning ability. 
Eadi rat was given 30s to reach the platform and allowed 
to remain there briefly before the 30 s inter-hrial interval. 
Accuracy of performance was assessed using a earning 
index score computed from the probe hrials. The learmng 
index is a derived measure from an average proximity 
(cumulative search error divided by the length of the probe 
trial) on the second, third, and fourth interpolated probe ■ 
trials. Scores from these trials were weighted and summed 
to provide an overall measure of spatial learnmg ability. 
Lower scores on the index indicate a more accurate search 
in the vicinity of the target location; higher scores mdicate 
a more random search and poor learning. 

At 30 days post-transplantation, the rats were sacrihced 
by an overdose of sodium pentobarbital (70mg/kg< i-P ) 
and perfused with phosphate buffered saline (PBS) fol- 
lowed by 4% paraformaldehyde. Brains were removed 
placed into 4% paraformaldehyde fixative contaming 20 /» 
sucrose and left overnight. The brains were sliced mto 
20 urn coronal sections using a cryomicrotome. The sections 
were washed briefly in PBS and pretireated with IM HCl 
for 30min at room temperature and neuh-alized with 
sodium borate (0.1 M, pH 8.0) for 30min in order to 
increase the accessibility of the anti-bromodeoxyuridme 
(BrdU) antibody to the BrdU incorporated m the cell 
nuclei. After rinsing with PBS, sections ^^re trar«ferred to 
the solution containing 0.25% Triton X-100 m PBS (PBST) 
for 30min. Then the sections were blocked m FB5T 
containing 3% donkey normal serum for Ih and mcubated 
with sheep anti-BrdU (1:1000; Jackson IR Laboratories, Inc. 
West Grove, PA) or mouse anti-BrdU (1:200; DSHB, Iowa 
City, lA) dUuted in PBST overnight at 4'C. After rmsmg m 
PBS, donkey anti-mouse or donkey anti-sheep conjugated 
to rhodamine IgG Qackson IR Uboratories, Inc.) was 
added at a 1:200 dilution in PBST for 2h at room tempera- 
hire in the dark. Then the sections were washed with PBS 
and incubated with mouse IgG2b monoclonal anti-iiuman 
pni-hibulin, clone SDL3D10 (1:500, Sigma), goat anti-hu- 
man-gUal filament protein (GFAP), N-terminal human 
affinity purified (1:200, Research Diagnostics Inc., Fla^oer 
NJ) and Mouse IgGl monoclonal anti-GFAP, clone G-A-5 
(1:500, Sigma), respectively, overnight at 4''C in the dark. 
The corresponding secondary antibodies for them were 
donkey anti-mouse (1:200) and donkey anti-goat IgG 
(H+L; 1:200) conjugated to FTTC Oackson IR Laboratones, 
Inc.), respectively. FoUowing a brief PBS washing, they 
were added into sections for 2h incubation at room tem- 
perahire in the dark. Sections were then washed thor- 
oughly with PBS before mounting to glass glides. The 
mounted sections were covered with Vectashield with 4',6- 
diamidine-2-phenylindole.2HCl (DAPI, Vector Labora- 
tories, Inc., Burlingame, CA) for fluorescent microscopic 
observation. Microscopic images were taken by using the 
Axiocam digital camera mounted on the Axioscope 2 with 
Axiovision software (Zeiss). 



RESULTS . . . 

The HNSCs were expanded without differentiation under 
the influence of mitogenic factors in supplemented serum- 
free media (3]. To differentiate between host and trans- 
planted cells, the nuclei of the HNSCs were labeled by the 
incorporation of BrdU into the DNA. These labeled cells 
were subsequently injected unilaterally into the lateral 
ventricle of mahired (6-month-old) and aged (24-month- 
old) rats The cognitive function of these ammals was 
assessed by the Morris water maze [5] before and 4 weeks 
after the transplantation of HNSCs. Before the HNSCs 
transplantation, some of the aged animals (aged memory 
unimpaired animals) had cognitive function in the range ot 
the matured animals, while others (aged memory unpaired 
animals) had cognitive fiinction entirely out of the rarige of 
the matured animals (Fig. la). After the HNSC transplanta- 
tion, most of the aged animals had cognitive function m 
the ranee of the matured animals. Strikingly, one of the 
aged memory impaired animals displayed behavior that 
was dramatically better than the level of the mahared 
animals (Fig. la). Statistical analysis showed that cognitive 
function significantly improved in both mahired 
(p<0 001, »i = 8) and aged memory impaired ammals 
( p < 0 001 « = 6). In conhrast, no improvement in cognitive 
function was observed in vehicle injected conh-ol ammals 
(n = 6), or aged memory unimpaired animals (n = 7) alter 
the HNSC transplantation (Fig. lb). Three of the 13 aged 
animals showed deterioration of performance m the water 
maze after the HNSC hransplantation. This fact needs to be 
further analyzed, but this may be due to the deterioration 
of the physical strength of these animals dunng the 
experimental period. < j 

To investigate the morphology and population of differ- 
entiated HNSCs, we further analyzed brain sections taken 
after the second water maze task by immunohistochemis- 
try with cell specific markers. The hransplanted HNSCs, 
with BrdU-immunopositive nuclei, were stained for human 
Blll-hibulin and human GFAP. Double immunolabeling 
with 6111-hjbulin and BrdU in 3 different planes from the 
same microscopic view clearly shows the co-localization of 
these t%vo signals in the same cells (Fig. 2). According to 
the manufachirer's description, the anti-pUI-hibulm anti- 
body may recognize the host (rat) pUI-hibulin. Despite this 
the specific co-localization of these pill-hibulin and BrdU 
at different planes indicates that the majonty of pni- 
tubulin-immunopositive cells are indeed transplanted 
HNSCs This may due to the fact that pni-tubulm is mainly 
expressed in immahire neurons, the majority of which are 
tr^splanted HNSCs in this sUidy. The presence ofth^e 
cell-specific antigens indicates that the transplanted HNSCs 
successhiUy differentiated into neurons and ashrocytes, 
respectively. Immunohistochemical analysis of bram sec- 
tions revealed cells intensely and extensively pos five for 
human pni-hibulin staining. SpecificaUy, these cells were 
located primarily in the bUateral cmgular and parietal 
cortexes (layer U, IV and V; Fig. 3a,b) and hippocampus 
fCAl dentate gyrus and CA2; Fig. 3c-e). 

The t^LplaS HNSCs also differentiated into GFAP- 
immunopositive staining cells localized near the area 
where neuronal cells were found Further analysis with 
double immunostaining revealed that donor-derived astro- 
cytes co-localized with the neuronal fibers in the cortex 
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f=ig. I. Effect of HNSC transplantation on memory score'in the water maze, (a) Individual memory score before and after the transplantation shows 
improvement in the majority of the animals. Aged memory impaired animals. @: Aged memory unimpaired animals. ■: Matured animals, (b) Mean of 
memory score in each animal group before (0) and after (S) HNSC transplantation shows a significant improvement in aged memory impaired and 
young animals. The animals that received vehicle injection do not show significant difference in memory scores between before (0) and after (■) the 
Injection. . . - - - 




Fig. 2. Co-localization of pill-tubulin and BrdU immunoreactivity in the same cells, (a-c) Three different planes of the same microscopic view. The 
ptil-tubutin-positive cells (green) show BrdU-positive nuclei (red) indicating that these cells are derived from transplanted HNSCs. 



layer III (Fig. 3f) and CA2 region of hippocampus (Fig. 3e). 
These donor-derived astroq^tes were large compared with 
host glia, having cell bodies 8-10 nm in diameter with 
thick processes and BrdU-immimopositive nuclei (Fig. 3g). 



We did not detect the above-mentioned morphologies and 
distribution of GFAP positive cells in the control rats that 
received no HNSC traiwplantation. When we stained with 
an anti-GFAP antibody that recognizes rat GFAP (Sigma, 
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clone G-A-5), the host astrocytes had small cell bodies with 
multiple delicate processes, which were distributed mamly 
ru!e white matter ar,d arour^d the edge of the brain (data 
not shown). 

DISCUSSION , . u 

There are two possible mechanisms to explam the bene- 
ficial effects of the HNSC transplantation on cognitive 
function of the host brain. One is replacement or augmen- 
UHon of neuronal circuit by the HNSC-denved neurons 
and other is the neurotrophic action of factors released 
from the transplanted HNSCs. Although the foUowmg 
morphological study shows extensive ° 
HNSCs and massive growth of neuronal fibers m the h^ 
brain area related to spatial memory task, HNSCs may shU 
migrate toward the damaged neurons and rescue them by 
the production of neurotrophic factors. Therefore, a syner- 
gisnii between these two mechanisms may exist and allow 
for the successful hransplantation. ^ • , 

Since the spatial memory of HNSC-transplanted animals 
as assessed by the Morris water maze improved, incor- 
poration of HNSCs into the brain areas known to be 
related to spatial memory [5,6] allowed for an improve- 
ment in spatial memory. Although pni-hibulin is consid- 
ered to be an early neuronal marker and physiological and 
electromicroscopic investigations will be required to deter- 
mine the functional incorporation of these HNSC-derived 
neurons, the morphological observation indicates that fimc- 
tional association of these cells to the host brain occurred. 
Further histochemical analysis revealed that the pill-hibu- 
Un-positive donor-derived cells found in the cerebral cortex 
were characterized by having dendrites pointing to the 
edge of the cortex whereas in the hippocampus, donor- 
derived neurons exhibited morphologies with multiple 
processes and branches. These differential morphologies of 
the transplanted HNSCs in different brain regions mdicate 
that site-specific differentiation of HNSCs occurs accordmg 
to various factors expressed in each brain region. 

We observed strong ashrocyte staining in the ftrontal 
cortex layer 3 and CA2 region of hippocampus, areas 
where astrocytes are not normally present in the animal. 
The migration of HNSCs to the CA2 raises particular 
interest because CA2 pyramidal neurons highly express 
bFGF and the expression of bFGF is up-regulate4 by 
entorhinal cortex lesions [7-9]. The CA2 pyramidal neur- 
ons in the host brain may express bFGF as a response to a 
reduction of synaptic transmission, an event that may 



occur during aging. Subsequently, this expressed bFGF can 
act as a simal for the transplanted HNSCs to respond 
migrate and/or proliferate under the influence of bFGF 
prwiuced in the host brain after the transplantation. 

The regions rich in astrocyte staining are also the same 
regions where the extensively stained neuronal fibers were 
identified (Fig. 3a,c,e). During development glial cells have 
many complex functions, such as neuronal and axonal 
guidance, and production of h-ophic factors 110]. It has 
been suggested that following h-ansplantation, migrating 
elial cells guide and support the growth and extension of 
neuronal fibers [ll]. However, other shidies have argued 
that glial cells may be detrimental by forming an extensive 
interface between the host and graft 112]. Although the 
mechanism(s) of glia-neuron interacti_on in the HNSC- 
transplanted host brain is not well understood, this over- 
lapping dista-ibution of glial and neuronal fibers shrongly 
suggests that this interaction plays a pivotal role in the 
survival, migration, and differentiation of transplanted 

HNSCs. , , 

The most significant difference m our expenmental 
procedure is the lateral intraventricular transplantation of 
undifferentiated HNSCs In' the form of neuro-spheroids. 
While many stiidies were done with inh-a-tissue mjechon 
of dissociated and partially differentiated NSCs [4,13-15], 
we employed spheroid injection because the dissociation 
of neuro-spheroids is known to cause immediate senes- 
cence of NSCs and increase the vulnerability of NSCs m 
culhire [16]. Another added benefit of inhravenh-icular 
injection is that since there is less tissue deshruction, it may 
induce less recruibnent of immune cells by the host. This 
is evidenced by the lack of increased host astrocyte 
staining without any immunosuppression. The mechanism 
behind h-ansplanted cell migration into the brain through 
the venhride is as yet stiU unknown. However, our results 
indicate that the mechanism may Ue behmd a direct 
integration into the host brain. Specifically, immunohisto- 
chemical analysis revealed that some of the BrdU cells 
were found to be sihiated along the lateral venh-icular wall 
while a few appeared to have integrated directly mto the 
cells lining the venbricle. Similar observations were re- 
ported in a variety of shidies using neuronal hransplanta- 
tion to the lateral ventricle of animals. The intraventricular 
transplantation used in this stiidy may provide an alter- 
native route to the site-specific injection by whidi the 
grafted cells may gain access to various struchires by the 
flow of CSF. 



pointed towards to the edge of the cortex. Since we labeled "^SC DNA w^th BrtU b^^^^^ tnnsp ^^^^^^^ p,„. 

^sitive nuclei (red). Contrarily. the ho« cell's nude, are counterstained with ^APMblue). Many ca« ^ ^^^^ 

M immunoreactivity in layer II and without pil l-tubulm •mmunon^cux.^ LoS^S (red) wE S other host cell's nuclei are stained with 
layer IV: All the pill-tubulin-immunoreactive (green) pos>t.ve cells 'f-.^* B^-^^-P"'^^^ So Ae hip^oampus and differentiated into pill-tubulin 
oMy DAPI (blue). HNSCs tend to have larger nude, than host cells (^^^^^^^^^''^^'^ ^^rpm-tubulin-positive cells have BrdU-positive- 
positive cells (green), having morphologies typical of pyramidal cells F^J P^J^"^^; '*;,7J„^^^ with DAPI (blue) are not pill- 

nudei (red), indicating that these cells originated from transplanted celK. In contra t. ""^^^ cells (green), (e) In the dentate 

tubulinlpositive. (d) Hippocampus CA2 shows a large number of AP-P'^e ceM-J) ^ $ pillitubulin-positive cells 

gyrus-as well as the pill-tubulin-positive cells (green) and GFAP.pos.ove cells (•^««')\ ""f^yj^^*" J^*'* ^ " ~ { layer of astrocytes In normal rats 
green) and GFAP-positive cells (red) were found in layer IV and layer '"•;«'P««^« y;,^* J^^^^^^^^ Jell bodies and thicker processes 

without HNSC transplantation, (g) These GFAP-positive cells (green) show BrdU-pos>ave nude. (red), and rg 
than the host (rat) astrocytes. 
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Following immunohistochemistry, a symmetrical distri- 
bution of neurons and astrocytes at both sides of the host 
brain was observed, indicating that the progeny of these 
HNSCs have a great potential for migration. Although 
astrocytes have been shown to migrate over long distances 
following transplantation [17-19], there is experimental 
evidence showing that neurons do not migrate as widely 
as glial cells [20]. In our study, the neuronal precursors 
derived from the HNSCs seem to possess similar migratory 
ability as the astrocyte precursors. This may be due to the 
fact that we transplanted imdifferentiated HNSCs and such 
an immature stage for both glia and neuron possesses the 
potential to migrate over long distances. The extensive 
incorporation of neuronal and glial cells found in the 
cortex and other sub-regions of the hippocampus may be 
interpreted as evidence for the significance of local cues or 
signals within these regions which enable these grafted 
NSCs to migrate. It remains to be demonstrated, however, 
to what extent these newly formed neurons can undergo 
complete maturation with physiologically functional con- 
nections to the host brain. 

Many studies have discovered the existence of endogen- 
ous precursor ceUs in certain regions of the brain. These 
regions include the anterior subventricular zone (SVZ) and 
the hippocampal dentate gyrus, areas where neurogenesis 
continues into adulthood in mammalian species, including 
humans [21-23]. The presence of multipotent neural cells 
in the adult brain similar to the fetal neural stem cell in 
these brain regions indicates the importance of microenviron- 
ments to neural progenitors. Aging is characterized by 
increased levels of inflammation in the CNS [24,25]. Thus, 
it is reasonable to speculate that factors existing in the 
environment of the aged brain may direct the non-neuro- 
nal differentiation pathway. However, in our current 
study, the transplanted HNSCs successfully generated 
many morphologically functional neurons in the aged 
animals. In a previous shidy, we observed that initial glial 
differentiation of HNSCs was followed by neuronal differ- 
entiation in a serum-free culture media without any addi- 
Honal factor [3]. This finding suggests that glial 
differentiation caused by the serum deprivation produced 
factors that allowed neurons to differentiate. Since we 
observed an association of astrocytes and neurons derived 
from HNSCs in this study, we may have to consider the 
possibility that the donor astrocytes may direct the neurb- 
nal differentiation. 



CONCLUSION 

In order to facilitate therapeutic HNSC application to the 
general adverse consequences of aging and neurodegenera- 
tive diseases, it is important to understand these environ- 
mental factors which direct the differentiation fate of these 
HNSCs to diverse lineages in vivo. While future studies are 
needed to elucidate these environmental factors, we have 
none the less demonstrated that HNSC transplantation into 
the brains of aged memory impaired rats significantly 
improved their cognitive function. Moreover, not only did 
the HNSCs successfully differentiate into neurons and 
astrocytes, but more importantly, both neurons and astro- 
cytes migrated to the cortex and hippocampus in a well- 
defined and organized pattern in the adult brain. 
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We examined the myelin repair potential of trans- 
planted neural precursor cells derived from the adult 
human brain from tissue removed during surgery. 
Sections of removed brain indicated that nestin-posi- 
tive cells were found predominately in the subven- 
tricular zone around the anterior horns of the lateral 
ventricle and in the dentate nucleus. Neurospheres 
were established and the nestin-positive cells were 
clonally expanded in EGF and bFGF. Upon mitogen 
withdrawal in vitro, the cells differentiated into neu- 
ron- and glia-like cells as distinguished by antigenic 
profiles; the majority of cells in culture showed neuro- 
nal and astrocytic properties with a small number of 
cells showing properties of oligodendrocytes and 
Schwann cells. When transplanted into the demyeli- 
nated adult rat spinal cord immediately upon mitogen 
withdrawal, the cells elicited extensive remyelination 
with a peripheral myelin pattern similar to Schwann 
cell myelination characterized by large C3^oplasmic 
and nuclear regions, a basement membrane, and PC 
immunoreactivity. The remyelinated axons conducted 
impulses at near normal conduction velocities. This" 
suggests that a common neural progenitor cell for CNS 
and PNS previously described for embryonic neuroep- 
ithelial cells may be present in the adult human brain 
and that transplantation of these cells into the demy- 
elinated spinal cord residts in functional remyelina- 
tion. o 2001 Academic Press 

Key Words: neural precursor cells; axon; demyelina- 
tion; glia; myelin; multiple sclerosis; Schwann cell. 



INTRODUCTION 

Multipotent precursor or stem cells are present in 
the mammalian central nervous system (CNS) during 
development and in the adult brain (16, 26, 33, 38, 42, 
48). A recent study has demonstrated that neuro- 
spheres can be developed from multipotent/progenitor 




cells from neurogenic regions of the adult human brain 
(30). Neural precursor cells can be isolated and ex- 
panded in culture in the presence of mitogens such as 
epidermal growth factor (EGF) or basic fibroblast 
growth factor (bFGF) (8, 17, 20, 27, 53). After with- 
drawal of the mitogens and with appropriate growth 
factors or substrates these cells can differentiate into 
neurons or glia (44, 48). When transplanted into the 
embryonic or neonatal CNS both neurons (6, 50, 53) 
and oligodendrocytes (20, 37) have been generated. 
These cells appear to differentiate and integrate into 
the host CNS because they form functional S3niapses 
(neurons) and myelinate (oligodendroctyes) axons. 
However, when injected into the adult CNS, stem cells 
differentiate into primarily astrocytes (35). These re- 
sults indicate that environmental signals may direct 
the specification of cell lineage. 

Multipotential neural progenitor cells derived from 
the fetal human brain propagate and differentiate in 
culture and in vivo (10, 39, 52). Progenitor cells from 
adult animals have been cultured from the subependy- 
mal zone (SEZ) (25, 26, 38, 48), the subventricular zone 
(SVZ) (33, 38), the hippocampus (16, 42), and the spinal 
cord (27, 40, 46). A recent study suggested that ependy- 
mal cells may be a source of progenitor cells (25), but a 
GFAP-positive cell distinct from, but adjacent to, 
ependymal cells has been recently implicated as the 
primary neural progenitor cell type of the subventricu- 
lar region (13). 

While oligodendrocytes normally myelinate CNS £lx- 
ons, Schwann cells can remyelinate CNS axons after 
injury (14) and following transplantation into the de- 
myelinated CNS (4, 22). Schwann cells can be derived 
from single cell clones of neural crest cells (31). Muj- 
taba et al. (40) have distinguished a common neural 
progenitor for the PNS and the CNS. They found that 
cultured neuroepithelial cells derived from embryonic 
rat spinal cords can differentiate into CNS precursors 
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TABLE 1 



Tissue Derivation Sites for Cultures from Patients with Lobe Resections for Tumor Removal 


Case 


Age/sex 


Diagnosis 


Location 


Culture 


1 


35/F 


Glioma 


Frontal lobe (SVZ/SEZ) 


+ 


2 


19/M 


Glioblastoma 


Frontal lobe (SVZ/SEZ) 


+ 


3 


64/F 


Glioblastoma 


Temporal cortex 




4 


62/F 


Glioma (low grade) 


Temporal lobe, hippocampus 




5 


44/F 


Glioma (low grade) 


Frontal cortex 





Note. The patients ranged in age from 19 to 64 years old and all had a diagnosis of glioma or glioblastoma. Neural progenitor cells were 
cultured from frontal and temporal lobe tissue which included periventricular, subependymal, or subventricular zones. Cultures derived from 
frontal or temporal cortex did not yield neural progenitor cells in culture. 



which can differentiate into CNS neurons and glia and 
PNS precursors which can differentiate into neural 
crest cells which give rise to peripheral neurons, 
Schwann cells, and smooth muscle. Recently, 
Keirstead et aL (28) demonstrated that immuno- 
selected precursor cells from neonatal rat forebrain 
expressing the polysialyated (PSA) form of the neural 
cell adhesion molecule (NCAM), which mostly generate 
oligodendrocytes and astrocytes in vitro, can produce 
peripheral myelin in vivo. 

To test the ability of neural precursor cells derived 
from the adult brain to differentiate into myelin-form- 
ing cells and repair the adult demyelinated CNS, we 
transplanted clonal neural progenitor cells derived 
from the adult human brain into an experimentally 
established glial-free zone in the dorsal columns of the 
rat spinal cord. Although these precursor cells differ- 
entiated upon mitogen withdrawal in culture into neu- 
rons and astrocytes and to a lesser extent oligodendro- 
cytes, when transplanted into a demyelinated glial-free 
zone of the adult rat spinal cord, they extensively re- 
myelinated the axons and restored near normal con- 
duction velocity. The majority of the myelinated axons 
displayed a peripheral pattern of myelination which is 
characterized by PO immunoreactivity, large nuclear 
and cytoplasmic regions of the myelin-forming cells 
surrounding the axons and a basement membrane. 
These data provide evidence that clonal neural precur- 
sor cells derived from the adult brain can give rise to 
Schwann-like cells which form functional myelin when 
transplanted into an axon-enriched glial-free environ- 
ment of adult central white matter. Thus, these data 
suggest that a common neural progenitor cell for the 
CNS and the PNS described for embryonic neuroepi- 
thdial cells (40) may also be present in the adult hu- 
man brain. 

METHODS 

Derivation of Adult Human Tissue 

Brain tissue was obtained from five patients under- 
going lobe resection for tumor (glioma) removal (Table 



1). Either tissue was fixed and prepared for sectioning 
and immunohistochemistry or selective regions were 
dissociated for preparation of neurospheres. As our 
cells were derived from the adult human brain re- 
moved because of glioma^ criteria were established to 
distinguish the neurospheres from the glioma cells. 
First, when cultured alone the glioma cells did not float 
but adhered to the bottom of the culture flasks. More- 
over, they continued to propagate even when they be- 
came confluent; the neurosphere-derived cells stopped 
dividing upon becoming confluent. We also removed 
tissue from regions remote from the site of the glioma. 
The glioma cells continued to propagate with and with- 
out the presence of mitogens. The proliferative proper- 
ties of the glioma cells, their adherence to the bottom of 
the flasks, and their inability to produce small floating 
cells that coalesce to form neurospheres indicate that 
these cells were likely not present in the neurosphere 
cultures utilized for this study; 

Nestin Immunoreactivity in Brain Slices 

The whole human brain was obtained from a cadaver 
of a 24-year-old female. The cerebral cortex, subven- 
tricular zone, and hippocampus were fixed with 4% 
paraformaldehyde in 0.14 M Sorensen's phosphate 
buffer (pH 7.4) at 4'*C for 24 h and dehydrated with 
30% sucrose in 0.1 M phosphate-buffered saline (PBS) 
for overnight. The tissues were then placed in OCT 
compound (Miles Inc.) and frozen in Hquid Ng, and 
10-/im sections were cut with a cryostat. Sections were 
dried onto silane-coated slides. Immunohistochemistry 
was carried out using an anti-nestin antibody (nestin; 
1:5000 anti-monoclonal mouse anti-nestin, Chemicon). 
The primary antibody was visualized using Vectastain 
ABC-AP mouse IgG kit (Vector Laboratories) and al- 
kaline phosphatase substrate kit 4 (BCIP/NBT; Vector 
Laboratories) according to the manufacturer's instruc- 
tion. After immunostaining, slides were covered by 
coverglasses using CrystalMount (Biomeda Corp.). 
Photographs were taken on a Zeiss microscope (Axio- 
skop FS). 
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Primary Culture of Adult Human Neural Precursor 
Cells 

Tissue samples were obtained from frontal cortex, 
temporal cortex, hippocampus, and the subventricular/ 
subependymal zone of the frontal lobe in adult humans 
operated on to remove brain tumors (summarized in 
Table 1). The samples were dissected in L-15 medium; 
rinsed; enzymatically treated in L-15 containing 0.01% 
DNase I, 0.25% trypsin, and 0.1% coUagenase at ZTC 
for 30 min; and mechanically dissociated by brief trit- 
uration with a fire-poKshed silicon-coated Pasteur pi- 
pette. The cells were collected by centrifugation, resus- 
pended in serum-free medium (NPMM, neural progen- 
itor cell maintenance medium, Clonetics, San Diego, 
CA) supplemented with 10 ng/ml bFGF and 10 ng/ml 
EGF, and plated onto 100-mm^ laminin-coated tissue 
culture plates at 8 5< 10^ cells per plate. The next day, 
the cells were resuspended and then plated onto 100- 
mm^ noncoated culture plates. Six hours later, the 
supernatant was collected and replated onto 100-mm^ 
noncoated culture plates. Cells were maintained at 
37^C in 5% C0Jd5% O2. bFGF and EGF were added 
daily and culture medium was changed weekly. Spher- 
ical masses (i.e., neurospheres) became visible after 
7-10 days in culture. 

Clonal Expansion and Induced Differentiation of 
Adult Human Neural Precursor Cells 

A spherical mass of cells in the primary culture dish 
was collected under microscopy and was dissociated by 
incubation in HBSS containing 0.05% trypsin and 
0.01% DNase I. The dissociated cells were cloned by 
limiting dilution in 96-well plates. After the single cell 
expansion, a spherical mass of cells in the secondary 
culture was collected and the same procedure was re- 
peated for further subcloning. In all processes, cells 
which were not dissociated well were discarded to 
avoid contamination. * ^ 

Differentiation of the clones was initiated by enzy-" 
matically and mechanically dissociating the cellular 
sphere (neurosphere) and culturing on polyethylenei- 
mine-pretreated plates in the absence of mitogen. 

Phenotypic Analysis in Vitro: Immunocytochemistry 

Cultured cells were rinsed in PBS and fixed for 15 
min with a fixative solution containing 4% paraformal- 
dehyde in 0.14 M Sorensen's phosphate buffer, pH 7.4, 
4**C. Fixed cells were incubated for 15 min in a blocking 
solution contaming 0.2% Triton X-100 and 5% normal 
goat serum before incubation with the primary anti- 
body. The primary antibodies used were anti-a-micro- 
tubule-associated protein 2 (MAP-2; 1:10,000 monoclo- 
nal mouse anti-MAP-2, Upstate Biotechnology), anti-r 
(t 1:1,000 monoclonal mouse anti-r, Sigma), anti-j3- 
tubulin type III (TUJ-1; 1:500 monoclonal mouse anti- 



TUJ-1, Babco), anti-neurofilament (NF; 1:1,000 mono- 
clonal mouse anti-NF, Nitirei), anti-neuron-specific 
enolase (NSE; 1:1,000 polyclonal rabbit anti-NSE, 
Nitirei), anti-glial fibrillary acidic protein (GFAP; 
1:200 polyclonal rabbit anti-GFAP, Nitirei), anti-04 
(04; 1:100 monoclonal mouse anti-04, Boehringer 
Mannheim), anti-galactocerebroside (GalC; 1:200 
monoclonal mouse anti-GalC, Boeringer Mannheim), 
anti-nestin (nestin; 1:5,000 monoclonal mouse anti- 
nestin, Chemicon), anti-A2B5 (1:100 monoclonal 
inouse anti-A2B5, Boehringer Mannheim), anti-vimen- 
tin (Vim; 1:100 monoclonal mouse anti-Vim, Nitirei), 
anti-peripheral myelin protein (PO; 1.200 monoclonal 
rabbit anti-PO antibody, kindly provided by Dr. D. Col- 
man), and anti-S-lOO protein (S-lOO; 1:1000 polyclonal 
rabbit anti-S-100, Nitirei). Triton-X was omitted in the 
reaction with A2B5, GalC, and 04 primary antibody. 
The primary antibody was visualized using goat anti- 
mouse and goat anti-rabbit IgG antibody with fluores- 
cein (FITC) (1:100, Jackson ImmunoResearch Labora- 
tories, Inc.) or alkaline phosphatase reaction (Zymed) 
according to the manufacturer's instructions. After im- 
munostaining, coversUps were mounted cell side down 
on microscope slide using mounting medium (Dako). 
Photographs were taken on a Zeiss immunofluorescent 
microscope (Axioskop FS). 

LacZ Transfection into the Clonal Adult Human 
Neural Precursors 

An expression vector for mammalian cells which con- 
tains the LacZ gene was used to transduce the bacte- 
rial ^-galactosidase (^-gal) gene into clonally expanded 
neural precursors derived from the human brain. 
Clones of neural precursors were transfected by 
pcDNA3.1/His/LacZ (Invitrogen) constructed by clon- 
ing the i3-gal gene into the pcDNA vector. The CMV 
provided the promoter for the j3-gal gene. The simian 
virus 40 early promoter and the neomycin resistance 
^ gene, transmitting G418 resistance, are present down- 
stream from the j3-gal gene to permit selection of trans- 
fected colonies. Lipofectamine (20 /ig/ml; Gibco) was 
used to transfect the expression vector pcDNA3.1/His/ 
LacZ (10 fig/m\) to cultured precursors, which were 
rapidly proliferating under the influence of mitogen. 
Transfected precursors were then selected by incuba- 
tion with the neomycin analogue G418 (400 /xg/ml). 
Five rats received transplants from neuroprecursors 
transfected with the LacZ gene. 

Animal Preparation and Transplantation 

Experiments were performed on 12-week-old Wistar 
rats (8 unoperated controls, 10 demyelinated, and 15 
demyelinated with transplants). The transplant exper- 
iments in = 15) were carried out in three groups of 5 
rats for a repeat of three times. A focal demyelinated 
lesion was created in the dorsal column of the spinal 



30 



AKIYAMA ET AL. 





m 




thflSr^ P~ -UruTs^EZ^a^d^^^^ ^T^««- ates scatters, islands of 

100Mm;B.highermagnMcation,bar2rMS(C)Sr^^^^^^^ 

in cultures. (CI) A smgrprecur;or cell KeweS^ 

after 4 days. The spheric^ appearance of aLrhu^rpr^SXf 1 wS)^^^^^^ V'l'r^''^ "1^^ ^ 

neu^l agg^gate derived fro. single cell expansion. Ne^tin posiLtiS.S ti^Tu^^^^ m^lS^^T^. 



cord using X-irradiation and ethidium bromide injec- 
tion (EB-X) utilizing a method similar to that of Hon- 
mou et al. (22). Briefly, rats were anesthetized with 
ketanune (75 mg/kg) and xylazine (10 mg/kg) ip, and a 
40-Gy surface dose of X-irradiation was delivered 
through a 2 X 4-cm opening in a lead shield (4 mm 
thick) to the spinal cord caudal to the 10th thoracic 
level (T-10) using a Softex M-150 WZ radiotherapy 
machine (100 kV. 1.15 mA, SSD 20 cm, dose rate 200 
ctry/min). Three days after irradiation, rats were anes- 
thetized as above and, using sterile technique, a lami- 
nectomy was performed at T-11. The demyelinating 
lesion was mduced by the direct injection of EB into the 
dorsal column via a drawn glass micropipette Iniec- 
tions of 0.5 Ml of 0.3 mg/ml EB in saUne were made at 



depths of 0.7 and 0.4 mm near the midline of the dorsal 
columns at three longitudinal sites separated by 2 mm. 
A suspension of clonal progenitors (1 x 10' cells//xl) in 
1m1 medium was injected into the middle of the EB-X- 
induced lesion 3 days after the EB injection. Trans- 
plant-receiving rats were immunosuppressed with cy- 
closporin A (10 mg/kg/day, sc, kindly provided by No- 
vartis Pharma AG, Basel, Switzerland). 

Histological Examination 

The rats were deeply anesthetized with sodium pen- 
tobarbital (50 mg/kg, ip) and perfused through the 
heart, first with PBS and then with a fixative solution 
containing 2% glutaraldehyde and 2% paraformalde- 
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FIG. 2. Cell difTerentiation in culture after mitogen removal. 
Phase contrast photomicrographs showing a neuron-like cell (A, left), 
an astrocyte-like cell (B, left), and an oligodendrocyte-like cell (C, 
left). Immunolabeling of the cells with anti-MAP-2 (A, right), anti- 
GFAP (B, right), and anti-GalC (C, right) indicates neuronal, astro- 
c\tic, and oligodendrocytic phenotypes, respectively. The primary 
antibody was visualized using goat anti-mouse and goat anti-rabbit 
IgG antibody with alkaline phosphatase reaction. Bar, 25 /urn. 



hyde in 0.14 M Sorensen's phosphate buffer, pH 7.4. 
Following in situ fixation for 10 min the spinal cord 
was carefully excised, cut into 1-mm segments, and 
placed into fresh fixative. The tissue was washed sev- 
eral times in Sorensen's buffer, postfixed with 1% OsO^ 
for 2 h at 25°C, dehydrated in graded ethanol solutions, 
passed through propylene oxide, and embedded in 
EPON. Thick sections (1 /xm) were cut, counterstained 
with 0.5% methylene blue, 0.5% azure II in 0.5% borax, 
and examined with a light microscope (Zeiss: Axioskop 
FS). Semithin sections were coxmterstained with ura- 
nyl and lead salts and examined with a JEOL 
JEM1200EX electron microscope operating at 60 kV. 

Detection of p-Galactosidase Reaction Products in 
Vitro and in Vivo 

/3-Gal-expressing cells were detected in vitro by in- 
cubating the cultured neurospheres with X-Gal to form 
a blue color within the cell (data not shown). Neuro- 
spheres were fixed in 0.05% glutaraldehyde, washed 
with PBS, and then incubated with X-Gal to a final 
concentration of 1 mg/ml in X-Gal developer (35 mM 



K3Fe(CN)6/35 mM K4Fe(CN)6.3H20/2 mM MgCla in 
phosphate-buffered saline). Cells were then incubated 
at 37*C overnight and examined by light microscopy 
for the presence of a blue reaction product. 

Three weeks after transplantation, )3-galactosidase- 
expressing Schwann-like cells were detected in vivo. 
Spinal cords were removed and fixed in 0.5% glutaral- 
dehyde in phosphate buffer for Ih. Sections (100 ixm) 
were cut with a vibratome and ^-galactosidase-ex- 
pressing Schwann-like cells were detected by incubat- 
ing the sections at 37**C overnight with X-Gal to a final 
concentration of 1 mg/ml in X-Gal developer to form a 
blue color within the cell. The slices were then fixed in 
10% paraformaldehyde in phosphate buffer overnight, 
dehydrated, and embedded in paraffin. Transverse sec- 
tions (3 Aim) were cut and examined by light micros- 
copy (Zeiss; Axioskop FS) for the presence of a blue 
reaction product ()3-galactosidase reaction product). 

Phenotypic Analysis in Vivo: Immunohistochemistry 

Three weeks after transplantation, the peripheral 
myelin protein PO-expressing myelin-forming cells 
were detected in vivo. The rats were deeply anesthe- 
tized with sodium pentobarbital (50 mg/kg, ip) and 
perfused through the heart, first with PBS and then 
with a fixative solution containing 10% paraformalde- 
hyde in 0.14 M Sorensen's phosphate buffer, pH 7.4. 
Spinal cords were removed, fixed in 10% paraformal- 
dehyde in phosphate buffer for overnight, dehydrated, 
and embedded in paraffin. Transverse sections (3 /xm) 
were cut. Paraffin wax-embedded sections were de- 
waxed in xylene and treated with 1% hydrogen perox- 
ide. Monoclonal rabbit anti-PO antibody (1:200), poly- 
clonal rabbit anti-NSE antibody (1:1000), and poly- 
clonal rabbit anti-GFAP antibody (1:200) were applied. 
The primary antibody was visualized using goat anti- 
rabbit IgG antibody with peroxidase reaction. The nu- 
cleus was counterstained with hematoxylin. After de- 
hydration with 70% alcohol, coverslips were mounted 
tissue side down on microscope slide using mounting 
medium (Dako). Photographs were taken on a Zeiss 
microscope (Axioskop FS). 

Field Potential Recording 

After induction of deep anesthesia (sodium pentobar- 
bital 50 mg/kg, ip), the spinal cords of control (n = 5), 
demyelinated in = 5), and transplanted rats (n = 5) 
were quickly removed and maintained in an in vitro 
submersion-type recording chamber with a modified 
Krebs* solution (containing 124 mM NaCl, 26 mM 
NaHC03, 3mM KCl, 1.3 mM NaHaPO^, 2 mM MgChy 
10 mM dextrose, 2 mM CaClz; saturated with 95% O2 
and 5% CO2) (Fig. 6A). Field potential recordings of 
compound action potentials were obtained with glass 
microelectrodes (1-5 Mfl; 1 M NaCl) positioned in the 
dorsal columns, and signals were amplified with a 
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high-input impedance amplifier (Axoclamp 2A; Axon 
Inc.) and stored on a digitizer (Nicolet Pro 34). The 
axons were activated by electrical stimulation of the 
dorsal columns with bipolar Teflon-coated stainless- 
steel electrodes cut flush and placed lightly on the 
dorsal surface of the spinal cord- Constant current 
stimulation pulses were delivered through stimulus 
isolation units and the timing of the pulses was con- 
trolled by a digital timing device. The recorded field 
potentials were positive-negative-positive waves cor- 
responding to source-sink-source currents associated 
with propagating axonal action potentials (22, 29); the 
negativity represents inward current associated with 
the depolarizing phase of the action potential. 

All variances represent standard error (±SEM). Dif- 
ferences among groups were assessed by unpaired two- 
tailed t test to identify individual group differences. 
Differences were deemed statistically significant at 
P < 0.05. 



RESULTS 

Regional Distribution of Nestin-Positive Cells in the 
Adult Human Brain 

Nestin immunoreactivity was studied in human 
brain sections obtained from the periventricular region 
of the frontal lobe, the hippocampal complex, and the 
frontal cortex. Islands of nestin-positive cells were 
found in each of these regions. The SEZ/SVZ regions 
located below the ependyma of the lateral margin of 
the anterior horn of the lateral ventricle contained a 
relatively high density of cells (Figs. lA and IB). The 
nestin-positive cells were either dispersed or localized 
in small groups. Within the hippocampal complex, the 
external surface of the dentate gyrus also contained a 
relatively high density of nestin-positive cells; Am- 
mons horn (CA1-CA4) had a paucity of nestin-positive 
cells. Although frontal cortex had recognizable nestin-. 
positive cells, they were scattered and much less dense 
and localized compared to the SEZ/SVZ and the den- 
tate gyrus. 

Brain tissue was removed from five patients (See 
Methods and Table 1) and divided from each patient for 
preparation of neurospheres in culture. We could pre- 
pare neurospheres from the SEZ/SVZ in two and from 
the temporal lobe/hippocampus in one patient (Table 
1). We were unsuccessful in obtaining neurospheres 
from tissue in the temporal cortex and frontal cortex in 
two other patients. Neurospheres used in this study 
were prepared from the SEZ/SVZ from two patients. 

Clonal Expansion of Nestin-Positive Cells 

Nestin-positive cells isolated from the adult human 
brains were expanded by daily addition of EGF and 
bFGF in serum-free mediimi (see Methods). These cells 



grew as neurospheres and were expanded for a week or 
more in culture. A continuous supply of mitogens (EGF 
and bFGF) was important to repress differentiation 
and maintain a homogeneous population of self-renew- 
ing nestin-positive cells. As described below, upon mi- 
togen withdrawal putative neuronal and glial lineages 
could be differentiated from these cells. In order to 
determine if the nestin-positive cells were generated by 
separate committed precursors or by a common multi- 
potential precursor cell, a single cell clonal expansion 
method was used prior to mitogen withdrawal. Using 
the limiting dilution method (see Methods), individual 
dissociated cells (Fig. ICl) from a sphere of nestin- 
positive cells were plated in a 96-well culture dish. An 
example of reestabhshment of a neurosphere of nestin- 
positive cells from an individual cell is shown in Fig. 
IC. Note the cellular proliferation in Figs. 1C1-1C5 
over 4 weeks in culture. Figure ID shows that these 
cells were indeed nestin positive after expansion. All 
expanded colonies displayed similar properties, thus 
indicating the clonal nature of the cells. Continued 
proliferation was observed for over 8 months in vitro in 
the presence of mitogen, and subclones could be estab- 
lished from these clonal cell lines allowing further ex- 
pansion of the cells by repeating the limiting dilution 
method. 

Characterization of the Human Precursor Cells 
Following Withdrawal of Mitogens in Culture 

While the purpose of this study was not to study in 
detail lineage of the precursor cells but to study their 
fate when transplanted into a demyelinated region in 
vivo, we carried out some phenotypic characterizations 
to define our precursor cell population. To examine the 
multipotentiality of clones, expanded spheres of the 
nestin-positive clonal cells were dissociated and plated 
on polyethyleneimine-coated coverslips and main- 
tained in culture in the absence of mitogen. At least 
"'three morphologically distinct cell types were observed 
from a dissociated neurosphere of clonally expanded 
cells (Figs. 2A-2C). The antigenic and morphological 
features of these cells were similar to those of rat stem 
cell cultures described in detail elsewhere (26). The 
three most common morphologies of cells were rela- 
tively small fusiform cells typically with two or three 
neurites (Fig. 2A), a larger multipolar cell (Fig. 2B), 
and a small spherical multipolar cell (Fig. 20). Cells 
showing these morphologies stained positively for 
MAP-2, GFAP, and GalC, respectively (Figs. 2A-2C, 
right panels; different cells from the left panels), thus 
suggesting neuron-, astroc3rte-, and oligodendroc3rte- 
like differentiation. 

The relative distribution of these cell types with var- 
ious markers for neurons and glia is shown in Fig. 3. 
Note that the largest proportions of cells stained with 
MAP-2, TUJ-1, NSE, GFAP, and Vim. A2B5-labeled 
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cells were very limited. A very small proportion of cells 
were labeled by GalC and SlOO; 04 and PO staining 
was virtually absent. This pattern of staining was sim- 
ilar from clone to clone. In a limited number of exper- 

-^ents dual immimolabeling was carried out to di- 
. ^ctly show multiple cell lineage derived from a clonal 
cell (data not shown); i.e., some cells stained positive 
for MAP-2 and TUJ-1 suggesting neuronal elements 
while others in the field were negative for those mark- 
ers but positive for GFAP. We are careful with this 
level of analysis not to define these cells as being fully 
committed to neurons or astroc3i;es, but rather that 
upon mitogen withdrawal in culture that they differ- 

ntiate in a pattern consistent with these phenotypes. 
. nese results are in agreement with other studies 
showing a relatively large number of neuron-like and 
astrocyte-like cells differentiating from neural precur- 
sor cells in culture after mitogen withdrawal, and a 
paucity of oligodendrocytes and Schwann cells (26, 27). 

Transplantation of Neural Precursor Cells into a 
Glial'Free Spinal Cord Tract 

The dorsal columns of the lumbar spinal cords were 
X-irradiated and subsequently injected with a nuclear 
chelator, ethidium bromide, to kill glial cells and to 
inhibit mitosis of endogenous glial cells (EB-X model; 
see Methods). The lesion induced by this procedure is 
characterized by virtually complete loss of endogenous 
glial elements (astrocytes and oligodendrocytes) with 
preservation of axons, i.e., a demyelinated lesion with 
no glia. The lesion occupies the entire dorsoventral 
-extent of the dorsal columns for 5-7 mm longitudinally 
(5, 22, 23). No endogenous invasion of Schwann cells, 
oligodendrocytes, or astrocytes occurs before 6 to 8 
weeks at which time these cells begin to invade the 
lesion from its peripheral borders. Thus, a demyeli- 
nated and glial-free environment in vivo is present for 
at least 6 weeks. * 

Myelinated axons in the normal dorsal columns are 
shown in the photomicrograph in Fig. 4A. After induc- 
tion of an EB-X lesion virtually all of the axons are 
demyelinated, and astrocytes and oligodendrocytes are 
killed providing an aglial environment with preserved 
demyelinated axons and macrophages with cellular de- 
bris (Fig. 4B). Three weeks after injection of clonal 
human neural precursor cells into the central region of 
the lesion in immunosuppressed rats (cyclosporin A; 
see Methods), there was extensive remyelination of the 
axons (Figs. 4C and 4D). Remyelination was observed 
across the entire coronal dimension of the dorsal col- 
umns and considerably throughout the anteroposterior 
extent of the lesion. While it is well established that no 
endogenous remyelination by oligodendrocytes or 
Schwann cells occurs in this lesion model for at least 6 
weeks (5), some donor cells were transfected with the 



reporter gene LacZ and X-Gal-positive cells were ob- 
served forming myelin (Fig. 4E). 

The anatomical pattern of myelination was similar 
to that produced by Schwann cells, i.e., large cytoplas- 
mic and nuclear regions surrounding the remyelinated 
axons (Fig. 4D, arrows). Immunoreactivity for the pe- 
ripheral myehn-specific protein, PO, was observed in 
the myelin of the transplanted regions further indicat- 
ing that Schwann cells were differentiated in vivo from 
the neural precursor cells (Fig. 4F). Electron micro- 
scopic examination of the remyelinated axons reveals 
ultrastructural features of peripheral myelin (Fig. 5A). 
The axons were ensheathed by relatively thick myelin 
surrounded by large cytoplasmic and nuclear regions 
characteristic of Schwann cell myelination (4, 22). Nor- 
mal and demyelinated dorsal column axons are shown 
in Figs. 5B and 5C, respectively, for comparison. More- 
over, a basement membrane, which is not observed 
around axons myelinated by oligodendrocytes, was ob- 
served around the myelin-forming cells after neural 
precursor cell transplantation (Fig. 5A, arrowheads). 
The morphological features and presence of PO immu- 
noreactivity indicate that the CNS-derived precursor 
cells differentiate in vivo into a cell with peripheral 
Schwann cell characteristics. 

Restoration of Normal Conduction Velocity in the 
Remyelinated Axons 

Spinal cords from control, demyelinated, and trans- 
planted rats were removed and maintained in an in 
vitro recording chamber (see Methods). The dorsal col- 
umns were stimulated on the surface with bipolar elec- 
trodes and glass microelectrodes were used to record 
field potentials at various points through the lesion 
area (Fig. 6A). The recordings in Fig. 6B are superim- 
posed traces of compound action potentials recorded 1 
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FIG. 3. Clones were differentiated in culture for 10 days in the 
absence of EGF and bFGF. Phenotypic analysis indicated a large 
proportion of cells expressing MAP-2, TUJ-1, NSE, GFAP. and Vim 
and a lesser proportion expressing GalC, A2B5, and S-100. Little 
expression of t, NF, 04, and PO was observed. This suggests that 
these immature cells had characteristics of neuron and astrocytes 
and to a lesser extent immature oligodendroctyes and Schwann cells. 
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FIG. 4. Remyelination of the rat spinal cord following transplantation of adult human precursor cells. Normal (A), demyelinated (B), and 
remyelinated axons (C) of the dorsal column. (D) Remyelinated axons at higher magnification. The anatomical pattern of myelination was similar 
to that produced by Schwann cells (arrows). (E) The human cells in the rat EB-X lesions were visualized by p-galactosidase reaction products (blue). 
Note that the transplanted human cells are markedly labeled in vivo at the light microscopic level. (F) Antigenic phenotype of remyelinating cells 
m the lesions are PO positive (peroxidase reaction, brown), and their nuclei are counterstained with hematoxylin (blue). PO immunostaining 
demonstrates many Schwann-cell-like remyelination throughout the lesion (bar, A-C, 25 /im; D, 10 E, 1 ^an; F. 7 pan). 



mm apart from control (Fig. 6B1), demyelinated (Fig. 
6B2), and transplanted (Fig. 6B3) dorsal columns. The 
latencies of the responses in the demyelinated dorsal 
column (Fig. 6B2) are substantially delayed compared 
to controls (Fig. 6B1). However, following human neu- 
ral precursor cell transplantation (Fig. 6B3) which led 
to extensive remyelination, the latencies are similar to 
controls. Conduction velocities were calculated for the 
three groups and are shown in Fig. 6C, indicating the 
restoration of conduction velocity in the transplanted 
group. 

DISCUSSION 

In this study we demonstrate that clonally expanded 
multipotential neural progenitor cells from the adult 
human brain can form functional Schwann cell-like 
myelin when transplanted into the demyelinated rat 



""spinal cord. These progenitor cells expressed nestin 
and were self-renewing in culture until induced to dif- 
ferentiate by removing mitogens from the cxilture. An- 
tigenic analysis after mitogen removal in culture* re- 
vealed the differentiation into both neuron- and glia- 
like cells. In general, neurons, astrocytes, and a low 
number of oligodendrocytes and Schwann cells were 
present in the mitogen-free cultures. Following trans- 
plantation into the demyelinated rat spinal cord, how- 
ever, the vast majority of cells differentiated into a 
peripheral-type of myelin-forming cell which produced 
functional myehn. 

Clonal Expansion of Multipotential Adult Human 
Neural Precursor Cells 

Both proliferation and differentiation of the clonal 
multipotential neural precursors derived from the 
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FIG. 5. All demyelinated spinal cords that received adult human 
precursor cell injections showed clear evidence of remyeUnation (A) of 
the demyelinated axons in electron micrographs. Examination at 
higher magnification showed the presence of a basal lamina surroimd- 
ing the fibers (arrowheads). The large cytoplasmic and nuclear regions 
of the cell and the presence of a basal lamina indicate a peripheral 
pattern of myelination. Normal (B) and demyelinated (C) axons in the 
dorsal columns at the electron microscopic level. Bar, 1 ;im. 



adult brain could be controlled relatively efficiently. 
Several lines of evidence indicate that the cells in the 
clones are composed of a common multipotential cell 
rather than separate committed precursors. First, the 
proportion of neurons generated is independent of pas- 
sage number, suggesting that the cellular properties 
are constant as the clones expand. This stability is 
supported by the unchanged differentiation capacity in 
clones of acutely dissociated cells and in subclones. 
Second, subcloning experiments demonstrate that 
multipotential secondary clones can be derived from a 
single primary clone, again showing the multipotenti- 
aUty of single clonal cells. Asymmetric cell division 
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may still be an important mechanism for cell-type spec- 
ification in vivo (11). However, a strict asymmetric 
model, in which only one of the daughter cells main- 
tains multipotentiality, cannot account for the expo- 
nential increase in the neural precursor cells seen in 
our cultures. 

Differentiation of Neural Precursor Cells into 
Morphologically Defined Schwann-like Cells 

In the normal CNS axons with oligodendroc3i;e-asso- 
ciated myelination do not have large nuclear and cyto- 
plasmic surrounds, nor do they have an associated 
basement membrane. Rather, the cell bodies of the 
oligodendrocyte are relatively small and remote from 
the site of axonal myelination. However, following 
transplantation of the clonal neural precursor cells into 
a demyelinated and aglial region of the spinal cord in 
vivo, extensive differentiation into myelin-forming 
cells with morphological and phenotypical characteris- 
tics of Schwann cells was observed. These cells exhib- 
ited the hallmark characteristics of peripheral myelin- 
forming cells, large nuclear and cytoplasmic regions 
surrounding the axons which in turn were covered by a 
basement membrane (3), and immunohistochemical 
analysis demonstrated that most of them were PO pos- 
itive. Keirstead et al, (28) recently demonstrated that 
neural precursor cells derived from the neonatal rat 
brain and immunoselected for glial commitment can 
produce PO-positive myelin-forming cells in vivo. We 
cannot rule out the possibility that some neuronal or 
glial differentiation occurred, because we observed a 
few NSE-positive or GFAP-positive cells in the EB-X 
lesion. Moreover, some of the myelinated profiles were 
more characteristic of oligodendrocyte myelination. 
Future quantitative immunohistochemical studies on 
these tissues will be important to more fully character- 
ize the phenotypes of the myelin-forming cells after 
transplantation. However, the abundance of cells with 
distinct morphological and immunohistochemical fea- 
tures characteristic of peripheral myelin-forming cells 
(large nuclear and cytoplasmic regions aroimd the ax- 
ons surrounded by a basement membrane and their PO 
positivity) clearly indicate that the transplanted pre- 
cursor cells differentiated into a peripheral pattern of 
myelin-forming cells. 

It is well established that peripherally derived 
Schwann cells can myehnate the spinal cord which is 
normally myelinated by oligodendrocytes (4, 14). Given 
that endogenous remyelination by Schwann cells can 
occur in the spinal cord in certain circumstances, it was 
important to ascertain that the myelin-forming cells 
were derived from the donor source and not from en- 
dogenous invasion of Schwann cells from the periph- 
ery. To address this issue we used a model system that 
prevents endogenous invasion of peripheral Schwann 
cells for 6 to 8 weeks; we studied the cells about 3 
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weeks after transplantation which is well within the 
time window where no endogenous myelination occurs 
(4). The model utilizes X-irradiation to block host cell 
division followed by injections of ethidium bromide to 
chelate nucleic acids and kill the ghal cells within the 
lesion zone. Moreover, in a limited number of experi-. 
ments we transplanted LacZ-transfected donor progen- 
itor cells and found X-Gal reactivity in cells exhibiting 
a peripheral myelination pattern. The extensive differ- 
entiation of neural precursor cells into Schwann cell- 
like cells in our studies is not likely the result of 
Schwann cell contamination in our cultures. The cells 
were derived from single cell clones showing homoge- 
nous properties and the capacity to differentiate into 
either neurons or glia. 

Kalyani et al (27) suggest that appropriate manip- 
ulation of culture conditions (45, 51) could promote 
embryonic neuroepithelial cell differentiation into 
more restricted CNS and PNS neural precursor cells. 
Indeed, embryonic neuroepithelial cells derived from 
the spinal cord have been reported to give rise to PNS 
elements and to other cell types in the body including 
skin melanocytes (24, 31, 41). More recently, Mujtaba 
et al (40) provide evidence for a common neural pro- 



genitor cell derived from the embryonic spinal cord for 
the CNS and the PNS. Our results suggest that such a 
multipotential precursor may also be present in the 
adult human brain and that transplantation of these 
cells into the appropriate pathological environment of 
the adult CNS can allow Schwann cell differentiation 
and functional remyelination in vivo. 

Why Do Neural Precursor Cells Derived from Adult 
Brain Differentiate into Schwann-like Cells 
in CNS in Vivo? 

The Schwann cell differentiation in vivo may be the 
result of both the intrinsic capacity of the progenitor 
cells and the cellular and extracellular milieu of the 
transplant zone. In the EB-X lesion it is important to 
note that not only does this model lead to long-lasting 
demyelination, but all cellular elements inclusive of 
astrocytes and oligodendrocytes are killed within the 
lesion thus rendering the white matter tract agliotic 
and enriched in axons. The dominant cellular elements 
in the lesion are naked axons and macrophage-like 
scavenger cells in the glial-free environment. A large 
body of work indicates that axon-associated signals 
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may be important in aspects of Schwann cell differen- 
tiation (12, 43, 55). The development and maintenance 
of cell types are dependent upon and influenced by a 
number of intrinsic genetic factors as well as environ- 
- vntal signals (6, 47, 49, 54). Such signals may be 
.,,ovided by cell-to-cell contact, electrical stimulation, 
or the secretion of neurotransmitters and neurotrophic 
factors (9). 

It should also be pointed out that interleukins re- 
leased from macrophages have been implicated in 
Schwann cell differentiation following peripheral 
nerve injury (21, 32). It is conceivable that cytokines 
released from microglia or macrophages in the lesion 
rite could contribute to the massive Schwann cell dif- 

-rentiation following neural precursor cell transplan- 
tation. It is possible then that the neural precursor 
cells derived from the adult human brain and trans- 
planted into an axon-enriched environment in vivo in 
the absence of potential trophic influences from sur- 
rounding glia and neurons biases the differentiation of 
the neural precursor cells to a more restricted PNS 
lineage. It is important to note that EGF-responsive 
neural stem cells derived from fetal rodents formed an 

ligodendrocyte pattern of remyelination in myelin- 
deficient rats (20). This may result from differences in 
fetal and adult sources of the cells or a species differ- 
ence. Another possibility is that the myelin-deficient 
rat, which has an abundance of astrocytes around the 
amyelinated axons, could provide a trophic influence 
for the differentiation of oligodendroc3^es. It is not 
clear what the differences are between known totipo- 
tential stem cells derived from embryos and less de- 
nned progenitor cells derived from adult subependy- 
mal zone. It will be interesting to determine if embry- 
onically derived stem cells form peripheral or central 
patterned myelin when transplanted into the adult 
demyelinated CNS. 

Potential of Neural Precursor Cells to Repair the 
Damaged CNS 

Neurons are not generated in large numbers in the 
adult mammalian CNS with the exception of the olfac- 
tory bulb (1, 34, 36) and the hippocampal formation (2, 
7). Moreover, Gould et al. (18) have made the intrigu- 
ing observation that learning can enhance neurogen- 
esis in the adult hippocampus, possibly by differentia- 
tion of precursor cells. Cultured precxirsors derived 
from adult mice have been shown to differentiate into 
neurons and glia, but little is known about the mech- 
anisms that regulate the differentiation of these cells 
(19). Both the clonal analysis and the response to 
growth factors reported here show that neural precur- 
sor cells derived fi-om the adult human CNS have some 
properties that are similar to stem cells derived from 
embryonic neuroepithelium. Further delineation of 
similarities and differences between embryonic and 



adult precursor cells is certainly important. While both 
share some similarities it is not clear that adult-de- 
rived cells are totipotent as are true stem cells derived 
from embryos, thus indicating the importance of inves- 
tigations of both embryonic and adult brain-derived 
precursor cells. 

While oligodendrocytes are the cells that normally 
myelinate CNS axons, peripheral myelin-forming cells 
such as Schwann cells (4, 22) and olfactory ensheath- 
ing cells (15, 23) can myelinate CNS axons in vivo and 
restore near normal conduction properties (22, 23). 
Peripheral myelin-forming cells may have the advan- 
tage if used as a cell therapy in multiple sclerosis (MS) 
patients of not having the antigenic properties of oli- 
godendrocytes which elicit an immune response in MS 
patients (22). Harvesting sufficient numbers of 
Schwann cells from peripheral nerve biopsy and cell 
expansion is problematic. However, the development of 
human clonal neural precursor cells derived from ei- 
ther embryonic or adult CNS may allow for an abun- 
dant source of myelin-forming cells. Zhang et al (56) 
have demonstrated that fetal neural stem cells can be 
treated to establish self-renewing pre-02-A progeni- 
tors which form extensive oligodendrocyte myelination 
when transplanted into the^'myelin-deficient neonatal 
rat. Recently, Bnistle et al (6) have demonstrated that 
human embryonic stem-cell-derived glial precursors 
can be used as a source of myelinating transplants. 
Advances in the cell biology of progenitor cells derived 
from embryonic, fetal, or adult CNS open the prospect 
of developing cell lines- as a potential source of a cell 
therapy for demyelinating diseases. 
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Abstract 
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Traditionally, retinal impairments by neuronal death or 
axonal severance have been considered incurable in humans 
and adult experimental mammals because the central 
nervous system (CNS) of adult mammals does not have a 
regenerative capacity. Although a number of attempts to 
repair damaged retinas using grafts of retinal tissue have 
been reported [3.5,6.11,14], they have encountered senous 
problems such as lintited incorporation of grafted cells mto 
the host retina and difficulty in supplying enough donor cells 
as has been already discussed [2,4,7,9.17,18,20]. Thus, the 
transplantation of retinal tissue is not promising as a ther- 
apeutic strategy for the treatment of retinal impairments 
from neuronal death at present. 

The recent advances in the field of neural stem cells have 
brought great expectation that severe CNS damages can be 
repaired by using stem/progenitor cells [4.7,13,17]. It has 
been shown that transplanted neural progenitor cells, even 
heterotypical. can integrate with the host brain tissue and 
differentiate into appropriate neurons [15]. For the retina, an 
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earlier study demonstrated that transplanted adult rat hippo- 
campus-derived neural stem cells (AHSCs) can be inte- 
grated into the host retina in normal neonatal rats [18]. 
Later studies showed that AHSCs were integrated into the 
host retina even in mature rats in genetically-degenerated 
retinas [20] and in mechanically-injured retinas [9]. These 
results have encouraged the development of novel therapies 
for treating retinal impairments using neural stem cells. 

The in vivo retinal ischemia-reperfusion model is a stan- 
dard experimental model that has been used to investigate 
the damage of the retina induced by transient ischemia. By 
inducing transient ischemia with high intraocular pressure, 
this model can avoid direct mechanical injury to the retma 
and optic nerve, and provide high reproducibility [1.12.19]. 
We transplanted AHSCs into eyes that had been damaged 
by ischemia-reperfusion. This report is the first study to 
perform neural stem cell transplantation into eyes with 
acquired retinal disease besides mechanical injury. 

The preparation of AHSCs has been described in detail 
[10.18]. In brief, hippocampal progenitor cultures wen 
prepared from the hippocampus of adult Fisher rats. The 
dissociated cells were cultured on polyomithine/laniinin- 
coated dishes using a mixture of Dulbecco's modified 
Eagle's medium (DMEM)/Ham's F12 (1:1) supplemented 
with N2 (Gibco) and 20 ng/ml of recombinant human basic 

Ltd. All rights reserved. 



58 



Y Kurimoto et at. / Neuroscience Letters 306 (2001) 57-60 




Fig. 1 . Light microscopic photographs of host retinas demonstrating the transplanted AHSCs stained dark blue for p-Gal. In retinas with 
ischemia-reperfusion insult (a-d), prominent cell tosses occurred primarily in the ganglion cell layers and inner nuclear layers as 
compared with the retina without the insult (e). (a) At 1 week after transplantation, the intravitreally injected AHSCs can be seen in 
the ganglion cell layer, (b) At 2 weeks after transplantation, the grafted AHSCs are seen in the inner nuclear layer, (c, d) At 8 weeks, the 
transplanted cells can be seen in various layers of the inner retina, and some of them seem to be process-bearing cells (c). (e) A control 
retina 2 weeks after transplantation with no ischemic insult. Intravitreally injected AHSCs are not present in the host retina. INL, inner 
nuclear layer. ONL, outer nuclear layer. Scale bars represent 50 fim. 



fibroblast growth factor (bFGF) (Genzyme). Isolated stem 
cells were genetically marked with P-galactosidase (P-Gal) 
and cloned. The PZ5 clone, previously characterized exten- 
sively [10], was used. The cultured and harvested cells were 
washed with DMEM/Ham's F12 and suspended at a density 
of 100,000 cells/jjLl in DMEM/Ham's F12 for transplanta- 
tion. 

Adult (8-12 week old) Fisher rats were anesthetized with 
an intraperitoneal injection of pentobarbital (60 mg/kg), and 
the pupils were dilated with topical 0.5% phenylephrine 
hydrochloride and 0.5% tropicamide in order to monitor'^, 
the ocular fundi. Transient retinal ischemia was induced 
by raising the intraocular pressure to 1 10 mmHg for 60 
min (see Ref. [12]). Immediately after beginning the reper- 
fusion, the AHSCs were injected into the vitreous cavity of 
the treated eyes under trans-pupillary observation using a 



binocular surgical microscope. The injection was made with 
a 10-^jil Hamilton microsyringe with a 30-gauge beveled 
needle. A total of 500 000 cells in 5 \xl of DMEM/Ham's 
F12 were injected. For control, the cells were also injected 
into eyes with no ischemic insult. 

The rats were sacrificed 1» 2, 4, and 8 weeks after the 
transplantation (/i = 4 for the ischemic group and w = 3 for 
the control group at each time point), and the eyes were 
processed for histochemical studies. 

In situ staining of grafted cells for 3-Gal: all of the 
enucleated eyes except the two described below were 
"Hxed in 2% paraformaldehyde, 0.1% glutaraldehyde, 
0.02% NP-40, and 0.01% deoxycholate in PBS. After 1 h, 
the anterior segments were removed, and the 3-Gal staining 
was done by placing the eye cups in a solution of 2.5 mM X- 
Gal, 5 mM potassium ferricyanate, 5 mM potassium ferro- 




Fig. 2. Confocal images of the retina 4 weeks after AHSCs transplantation with ischemic insult, (a) Anti-Map2ab immunoreactivlty. (b) 
Anti-p-Gal immunoreactivity. (c) The merged Image of anti-Map2ab and antl-p-Gal Immunoreactivlty, showing the grafted AHSCs 
differentiate Into mature neurons. INL, inner nuclear layer. ONL, outer nuclear layer. Scale bar represent 50 m-^. 
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cyanate, 2 rtiM MgC\i in PBS [16] at room temperature 
overnight. The stained tissue was washed with PBS and 
soaked in PBS containing 25% sucrose for cryoprotection. 
Ten-micrometer sections were cut on a cryostat and exam- 
ined with a light microscope. 

Immunostaining: two eyes of two animals sacrificed 4 
weeks after ischemic insult were fixed in 4% paraformalde- 
hyde, cryoprotected, and sectioned at 10 fim on a cryostat. 
Double immunostaining was performed on these sections. 
The sections were processed for anti-3-Gal (1:500, 
Promega) and anti-Map2ab (1:500, Sigma), and followed 
by reaction with FITC-conjugated secondary antibody 
(1:100, DAKO) to anti-^-Gal and rhodamine-conjugated 
antibody (1:100, DAKO) to anti-Map2ab. Confocal micro- 
scopy was used to study these sections. 

In every treated eye, transplanted cells were readily iden- 
tified by the transgenic P-Gal marker. In the eyes that under- 
went ischemia-reperfusion insult, prominent cell loss were 
observed primarily in the ganglion cell layer and inner 
nuclear layer (Fig. 1). The changes were typical of the find- 
ings in ischemia-reperfusion insult described earlier [12]. 

In eyes with the ischemia insult, the intravitreally- 
injected AHSCs invaded the retinal ganglion cell layer by 
1 week after the transplantation (Fig. la) and were identified 
in the retinal inner nuclear layer 2 weeks after the transplan- 
tation (Fig. lb). At 4 weeks, the donor cells were integrated 
into the host retina and expressed Map2ab (Fig. 2) which 
indicated that the AHSCs had differentiated into mature 
neurons. At 8 weeks after the transplantation, the trans- 
planted cells were integrated into the different layers of 
the inner retina (Fig. lc,d) and appeared as process-bearing 
cells (Fig. Ic). A number of transplanted cells were delected 
within the vitreous cavity but the number decreased with 
increasing postinjection times (Fig. 1). 

In the control animals without ischemic insult, AHSCs 
did not invade the host retina (Fig. le). Although many of 
the transplanted cells were observed to survive in the vitr- 
eous cavity at 2 weeks after transplantation,, the numbers 
decreased at 4 weeks and were mostly gone at 8 weeks after 
the transplantation (data not shown). 

These results demonstrated that intravitreally-injected 
AHSCs migrated and integrated into the host retinas of 
adult rats that had undergone ischemic insult while none 
of the cells migrated into the retina without ischemic insult. 
In the host retinas, many cells in the ganglion cell layer and 
inner nuclear layer were lost after the ischemic insult. The 
transplanted AHSCs migrated primarily into these layers 
and differentiated into mature neurons replacing some of 
the lost cells. 

The observation that AHSCs did not enter the host retina 
in the control adult rats agrees with previous findings [18]. 
The question then arises as to why retinas damaged by 
ischemia will accept the migration and integration of trans- 
planted neural stem cells while normal adult retinas will not. 
First, it is likely that some types of trophic factors or cyto- 
kines that promote survival, migration, and neuronal differ- 



entiation of the transplanted stem cells are produced in the 
retina that had been injured by ischemia. It has already been 
reported that bFGF, which is known to be important for 
survival of AHSCs [10], is up-regulated in retinas after 
transient ischemic insult [8]. In addition to bFGF, other 
factors were probably up-regulated in the ischemic retina 
to stimulate migration and neural differentiation of the 
grafted cells. 

Secondly, it is highly likely that serous components enter 
the retina because the blood-retina barrier is broken by the 
ischemic insult [19]. Such serous components, as well as 
intrinsically expressed factors, can promote survival, migra- 
tion, and neuronal differentiation of the transplanted 
AHSCs. In the control animals, it is likely that the absence 
of such factors prevented the integration of the grafted cells 
into the host retina, and was probably the cause for the 
decrease of surviving AHSCs in the vitreous after the trans- 
plantation. 

Another factor that might promote the migration of the 
transplanted cells is a disruption of the retinal internal limit- 
ing membrane. The retinal internal limiting membrane can 
be a barrier to cell invasion under normal conditions, but it 
could be interrupted by the ischemia. In the present study, 
we suggest that disruptions of the retinal intemal limiting 
membrane by ischemia allowed the AHSCs to enter the 
retina. 

This experimental model of retinal injury by transient 
retinal ischemia induced by raising the intraocular pressure 
can be considered comparable to an acute glaucomatous 
attack, a central retinal artery occlusion, or an ischemic 
optic neuropathy. In these diseases, it has been generally 
believed that it is not possible to repopulate the lost retinal 
cells and repair the retinal injury. The present results have 
shown that intravitreally injected AHSCs can partly repo- 
pulate the lost host cells and differentiate into a neuronal 
lineage. However, it still is not known whether the trans- 
planted cells can establish a functional network with host 
neural circuitry and acquire proper functions as retinal 
neurons. Nevertheless, our results suggest that neuronal 
stem cells are good candidates to reconstruct the neural 
circuitry of ischemic-injured retina, and show the potenti- 
ality of therapeutic transplantation using neuronal stem cell 
on retinal impairments that are generally regarded as incur- 
able. 
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Incorporation and Differentiation of Hippocampus- 
Derived Neural Stem Cells Transplanted in Injured 
Adult Rat Retina 

Akihiro Nishida,^'^ Masayo Takahashi,^ Hidenobu Tanihara,^ Ichiro Nakano? 
Jun B. Takahashi,^ Akira Mizoguchi,^ Chizuka Ide,^ and Yoshihito Honda^ 

Purpose. In a previous study it has been shown that adult rat hippocampus-derived neural stem cells 
can be successfully transplanted into neonatal retinas, where they differentiate into neurons and 
glia, but they cannot be transplanted into adult retinas. In the current study, the effect of 
mechanical injury to the adult retina on the survival and differentiation of the grafted hippocampal 
stem cells was determined. 

Methods. Mechanical injury was induced in the adult rat retina by a hooked needle. A cell 
suspension (containing 90,000 neural stem cells) was slowly injected into the vitreous space. The 
specimens were processed for immunohistochemical studies at 1. 2, and 4 weeks after the 
transplantation. 

Results. In the best case, incorporation of grafted stem cells was seen in 50% of the injured retinas. 
Most of these cells located from the ganglion cell layer through the inner nuclear layer close to the 
injury site. Immunohistochemically, at 1 week, more than half of the grafted ceUs expressed nestin. 
At 4 weeks, some grafted cells showed immunoreactivit}' for microtubule-associated protein (MAP) 
2ab, MAP5, and glial fibrillar)- acidic protein (GFAP), suggesting progress in differentiation into cells 
of neuronal and astroglial lineages. However, they showed no immunoreactivity for HPGl, calbin- 
din, and rhodopsin, which suggests that they did not differentiate into mature retinal neurons. 
Immunoelectron microscopy revealed the formation of s>'napse-like structures between graft and 
host cells. 

Conclusions. By the manipulation of mechanical injur)-, the incorporation and subsequent differ- 
entiation of the grafted stem cells into neuronal and glial lineage, including the formation of 
synapse-like structures, can be achieved, even in the adult rat retina, {Invest Ophthalmol Vis Set 
2000;41:4268-4274) 



Since the mid-1990s, it has been possible to isolate neural 
stem or progenitor cells from various parts of the central 
nervous system (CNS), such as the hippocampus, subven- 
tricular zone, spinal cord, and ependyma.'"* In general, these 
cells can expand in serum-free medium and proliferate in 
response to growth factors such as epidermal growth factor 
(EGF) or basic fibroblast growth factor (bFGF). From a-clinical 
point of view, they have some potential advantages for reiihal 
transplantation compared with embryonic or newborn retinal 
cells. First, they can be expanded through numerous passages 
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in vitro and frozen for storage. Second, they can be easily 
manipulated, such as by pretrcatment with growth factors or 
gene transduction, before they are transplanted. 

Adult rat hippocampus-derived neural stem cells, first iso- 
lated by Palmer et al.', are one of the few cell lines that have 
been shown by clonal analysis to have multipotency and self- 
renewabilit)'. In a previous study of ours, we found that the 
hippocampal stem cells could be successfully transplanted and 
integrated into the neonatal rat retina but that when they were 
transplanted into adult eyes, they aggregated on the surface but 
never migrated into the retina.* 

In this study, for the purpose of assessing the possibility 
and limitations of the use of brain-derived neural stem cells for 
retinal transplantation, we investigated whether these hip- 
pocampal stem cells could migrate and become incorporated' 
into mechanically injured adult rat retinas. 

Materials and Methods 

Preparation of Cells for Grafting 

LacZ-labeled clonal adult rat hippocampus-derived neural stem 
cells (clone P25, kindly provided by Fred H. Gage, Salk Insti- 
tute, La Jolla, CA) were used in this study. They were cultured 
on laminin/poly-L-omithine- coated dishes containing Dulbec- 
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co's modified Eagles medium-Ham's F12 (DMEM-F12; Gibco, 
Rockville, MD) supplemented with N2 (Gibco) and 20 ng/ml 
bFGF (Genz>'me, Cambridge, MA), and incubated at 37*'C in a 
humidified atmosphere of 5% CO^ in air. After having been 
subculiured for 2 weeks to 3 months, they were harvested for 
grafting with 0.05% tr>psin in DMEM-F12, washed with 0.01% 
tr>'psin inhibitor (Wako, Osaka, Japan) in DMEM-F12, and sus- 
pended at a density of 30,000 cells/ptl in high-giucose Dulbec- 
co's phosphate-buffered saline (E)-PBS, Gibco) containing 20 
ng/ml bFGF. 

Animal Preparation and Grafting Procedure 

Eight-week-old male Fischer rats (« = 30) were obtained from 
Shimizu Laboratory Supplies (Kyoto, Japan). All experiments 
were conducted in accordance with the ARVO Statement for 
the Use of Animals in Ophthalmic and Vision Research. The 
animals were aRCSihetized with a mixture (1:1) of xylazine 
hydrochloride (4 mg/kg) and ketamine hydrochloride (10 mg/ 
kg) administered intramusculariy. The pupils were dilated with 

0. 5% tropicamide and 2.5% phenylephrine eye drops. The 
corneas were anesthetized with drops of 0.4% ox>^buprocaine 
hydrochloride. The eyeballs were perforated at the equator 
with a 27-gauge needle, A hooked 30-gauge needle was then 
insened through the wound, and the retina was injured by 
scratching it parallel to the equator between the retinal vessels 
under direct observation with a surgical microscope equipped 
with a plano-concave contact lens for rats (Kyocon, Kyoto, 
Japan). Special care was taken to injure the whole layer of the 
retina, and success was affirmed by a small amoimt of subreti- 
nal bleeding. After the injury, 3 of the cell suspension 
(containing 90,000 cells) was slowly injected into the intravit- 
real space with a microsyringe fitted with a 30-gauge blunt 
needle (15 rats, 30 eyes). As a control, 3 fil of the cell suspen- 
sion was injected into the intravitreal space of noninjured eyes 
(15 rats, 30 eyes). The results from five eyes of the control 
group were excluded due to complications of massive vitreous 
hemorrhage. 

Tissue Sectioning 

The animals were anesthetized by inhalation of diethyl ^ther 
and fixed by transcardial perfusion with 4% paraformaldefiyde 
(Merck, Darmstadt, Germany) in 0, 1 M phosphate buffer (PB) 

1, 2, and 4 weeks later. The eyes were enucleated to make 
eycojps. The eyecups were immersed in the same fixative for 
2 hours at 4*'C and then in 15%, 20%, and 25% sucrose-PBS for 
cryoprotection. They were embedded in optimal cutting tem- 
perature compound (OCT; Miles, Elkhart, IN) after adjustment 
of their horizontal planes parallel to the cutting plane, and 
20-/im frozen sections were made in a cryostat. Continuous 
sections including the injury site were cut for each eye. 

Immunocytochemistry 

The specimens were washed with 0.1 M PB and then incubated 
with 20% skim milk (Dainihon-Seiyaku, Osaka, Japan) in 0.1 M 
PB containing 0.005% saponin (0.1 M PB-saponin; Merck) for 
10 minutes to block nonspecific antibody binding. They were 
then incubated with primary antibodies diluted in 5% skim 
milk in 0.1 M PB-saponin for 24 hours at 4'*C. Antibodies and 
concentrations used in this study were as follows: mouse 
monoclonal anti-0^aaosidasc 1:1000; Promega. Mad- 

ison, WI), rabbit polyclonal anti-)3-gal (1:5000; Chcmicon, Te- 



mecula, CA), mouse monoclonal anti-nestin (1:1000; PharMin- 
gen, San Diego, CA), mouse monoclonal anti-microtubule 
associated protein (MAP) 2ab (1:100; Sigma, St. Louis, MO), 
mouse monoclonal anti-MAP5 (1:1000; Chemicon), rabbit poly- 
clonal anti-glial fibrillar)' acidic protein (GFAP; 1:1000; Chemi- 
con), rabbit anti-myelin basic protein (MBP; 1:500; UltraClone, 
Wellow, UK), mouse monoclonal anti-HPC-1 (1:1000; Sigma), 
mouse monoclonal anti-calbindin (1:500; Sigma), and rabbit 
anti-rhodopsin (1:1000; LSL, Tokyo, Japan). 

After the reaction with primary antibodies, the specimens 
were washed with 0.1 M PB-saponin and incubated with sec- 
ondary antibodies diluted in 5% skim milk in 0.1 M PB-saponin 
for 90 minutes. Antibodies and concentrations used in this 
study were as follows: fluorescein isothiocyanate (FITC>con- 
jugated sheep anti-mouse immunoglobulin (1:100; Amersham, 
Buckinghamshire, UK), FITC-conjugated donkey anti-rabbit im- 
munoglobulin (1:100; Amersham), Cy5<onjugated goat anti- 
mouse IgG (1:200; Amersham), and Cy5<onjugated donkey 
anti-rabbit IgG (1:200; Amersham). 

Sections were then washed with 0.1 M PB, mounted with 
glycerol-PBS (1:1) and observed with a laser-scanning confocal 
microscope (1024; Bio-Rad, Hercules, CA). 

Immunoelectron Microscopy 

Immunoelectron microscopy using the silver-enhancement 
technique was done as described."^ Briefly, after having been 
blocked with 20% skim milk in 0. 1 M PB-saponin, the sections 
were incubated with the anti-j3-gal antibody (1:1000; Promega) 
and subsequently with an anti-mouse IgG antibody coupled 
with 1.4-nm gold particles (1:50; Nanoprobes, Stony Brook. 
NY). After the sections had been washed, they were fixed with 
1% glutaraldehyde (Nacalai Tesque, Kyoto, Japan) in 0.1 M PB 
for 10 minutes, and the sample-bound gold particles were then 
silver-enhanced at 20°C for 12 minutes by use of an HQ-silver 
kit (Nanoprobes). They were again washed and postfixed with 
0.5% osmium oxide (Nacalai Tesque) in 0.1 M PB at pH 7.3, 
dehydrated by passage through a graded series of ethanol (50%. 
60%, 70%, 80%, 90%, 95%, and 100%), and embedded in cpoxy 
resin. From these samples, ultrathin sections were cut, stained 
with uranyl acetate and lead citrate, and then observed with an 
electron microscope 0EM-12OOEX; JEOL, Tokyo. Japan). 

Results 

Incorporation and Distribution of Grafted Cells 

In an attempt to elucidate the efficacy of transplantation of 
hippocampal stem cells into the adult rat retina, we injected 
them into the vitreous space. The stem cells were labeled 
with the LacZ gene retrovirally. so that we could identify 
P-gal-immunoreactive cells as the grafted cells. In our pre- 
vious study, we confirmed that )3-gal enzyme leaking from 
damaged or dead grafted cells was not taken up by host 
retinal cells.^ 

First, we compared the incidence of eyes with incorpo- 
rated grafted cells between the injured group and the nonin- 
jured group. In the injured group, I week after transplantation, 
j3-gal-immunoreactive cells were incorporated into the host 
retina in 10% of the experimental eyes (1 of 10). At 2 and 4 
weeks, the percentage of eyes with incorporated cells in- 
creased to 50% (5 of 10) and 40% (4 of 10). respectively (Table 
1). In the eyes with incorporated grafted cells, the grafted cells 
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Table 1. Inci dence of Eyes with Incorporated Gtafted CelU 

1 Week 2 Weeks 4 Weeks 



Injured group 
Noninjured group 



1/10 
0/5 



5/10* 

0/10 



4/10' 
0/10 



Values are number of eyes with incorporated grafted ceUs/toud 
surgically treated eyes. Five rats were used in each «Pen"«« Jhe 
rS f^m five ey^ of the noninjured group at 1 week were excluded 
because of corapUcations of massive vitreous hemorrhage. 
^ il^cWence m the injured group was significanUy high" than *a. 
in the noninjured group (Fisher's exaa probability test, P < 0.05). 



were distributed around the site of injury, where GFAP unmu- 
noreactivity of the host retina was upregulated (Fig. lA). In 
conirast. no eyes incorporated grafted ceUs in the noninjured 
group at any period after transplanution (Jable 1). The grafted 
ceUs were found to have aggregated on the inner surface but 
never to have been incorporated into the host retina of the 
noninjured group (Fig. IB). Statistical analysis by Fisher's exact 
probabiUt)' test showed a significant difference (P < 0.05) 
between the injured and noninjured groups in the incidence of 
successful incorporation of the grafted ceUs at both 2 and 4 
weeks after transplantation. 

The pattern of grafted ceU distribution was almost the 
same at aU times after the injection. The grafted ceUs were 
observed not only at the site of injury where normal retmal 
structure was destroyed, but also in the surrounding area 
where die normal retinal structure was retained. Most of them 
were situated in the inner nuclear layer (im with some in the 
ganglion ceU layer (GCL), where they formed a layer-like struc- 
ture A few grafted cells were found on the inner surface of the 
retina and in the outer nuclear layer (ONL). The width of 
distribution of the incorporated grafted cells ranged between 
790 fim and 1200 tim around the site of injury (dau not 
shown). This width was much greater than that of the actual 
injury in all cases, which was less than 100 /tm. 

The grafted ceUs adherent to the inner surface of the host 
retina in the injured group were round and had no processes, 
whereas most incorporated cells had elongated processes'; -and 
some of them showed morphologies reminiscent of amacrine 
and bipolar cells (Fig. 2). 
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Immunohistochemistry on Sections after 
Transplantation 

Immunohistochemical studies were performed on secUons 
with incorporated grafted ceUs in the injured group. The sec- 
tions were double immunostained with anti-p-gal antibody and 
antibodies against specific ceU-type markers. The ceU-typc 
markers used were nestin for immature or undifferentiated 
ccUs MAPS for neuronal lineage cells. GFAP for astrocytes and 
Miiller ceUs, MBP for oUgodendrocytes, HPOl for amacrme 
ceUs calbindin for horizontal and some amacrine cells, and 
rhodopsin for rod photoreceptor ceUs. The ratios of double- 
stained ceUs to p^al-positive cells were calculated to estunate 
ihe characteristics of the grafted cells after transplantation. 

Our preliminary studies showed the presence of nestm 
immunorcactivity in more than 96% of the cultured hippocam- 
pal stem ceUs; however, no immunorcactivity for other specific 
markers of differentiated ceU types, including MAP2ab. MAP5. 
GFAP. MBP, HPC-1, calbindin, and rhodopsin, was detected 
(dau not shown). 

Among die grafted cells, nestin-positive ceUs were over 
50% at the end of 1 and 2 weeks after transplantation; how- 
ever, they decreased to 36% after 4 weeks aable 2, Figs. 3A, 
38 30 MAP5-positive cells increased markedly from 1% to 
22% between 1 and 2 weeks, whereas MAP2ab-positive ceUs 
graduaUy increased from 1 to 4 weeks aable 2, Figs. 3D, 3E, 
3F). AS for the two gUal markers. GFAP-positive grafted ceUs 
increased from 2% to 10% between 2 and 4 weeks, but MBP- 
positlve ceUs were hardly observed from weeks 1 through 4 
(Table 2. Figs. 3G, 3H. 30- Immunorcactivity for retinal ceU 
markers, HPC-1. calbindin. and rhodopsin was hardly detected 
in the grafted ceUs throughout the 4 weeks aable 2. Figs. 3J. 

3K, 3L). , . 

The immunoreactivit>' for nestin and GFAP was also ob- 
served in the host MuUer ceUs around the sites of injury-, where 
the grafted ceUs were incorporated into the host retinas (Figs. 
3A, 3B, 3C, 3G, 3H, 30- 

Immunoelectron Microscopy on Sections at 4 
Weeks after Transplantation 

Immunoelectron microscopy was performed on sections of 
4-week specimens. Grafted cells were identified by the pres- 
ence of gold particles indicating immunorcactivity for P-gal. In 




FiGUBE 1. Double-label immunofluorescence snidy using antibodies against ^Jf^^ 
in die injured group (A) and noninjured gn,up (B) 2 weeks after the 

cells were observed primarily in the GCL and INL in the host retina around the site of injury (arrow). 
Expression of GFAP in the host reUna was upregulated. (B) ^Gal-positive "7" 
surface of but not within the host retina. TTie expression of GFAP was localized in die astrocytes and the 
end feet of the MuUer cells. Scale bar. 100 fun. 
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Figure 2. /3-Gal-inimunoreaciive 
grafted cells, which are similar to am- 
acrine (A, arrow) and bipolar (B, ar- 
row) cells, 1 and 4 weeks after trans- 
plantation, respectively. Scale bar, 
20 /im. 



general, the grafted cells had heterochromatic nuclei and a 
large number of mitochondria (Figs. 4A, 4B). 

In the inner plexiform layer QPL) and at the innermost 
pan of the INL, grafted ceUs were often found in a group (Fig. 
4A). Some of them were irregular in shape and had pseudo- 
podia that made contact with other grafted cells (Fig. 4A), 
which is a characteristic of actively migrating cells. Some other 
grafted cells had a relatively round shape and extended their 
processes to make close contact with host cells at the inner- 
most part of the INL (Fig. 4B). At a higher magnification, 
s>^mmetrical and as>'mmetrical membrane thickening, which 
represent puncta adherentia and s>'naptic junctions, respec- 
tively, were observed between graft and host cells (Figs. 4C, 
4D) indicating that they formed close contacts with each other. 



Discussion 

Neural stem cells are expected to be useful clinically for re- 
placing damaged neurons or for ex vivo gene therapy.® In the 
field of brain science, they have been tested on damaged brain 
models^'*^ as cell resources for replacement therapy. Also in 
the field of ophthalmology^ it is reported that neural stem cells 
could be successfully transplanted into damaged retina.**"*^ 
Therefore, it is imporunt to assess the application of neural 
stem cells for retinal transplantation therapy. 

This study has shown the abilit\' of hippocampus-derived 
neural stem cells to migrate and differentiate in the injured 
retina. However, the limitation of their differentiation into 
authentic retinal neurons was also recognized. 

Pattern of Incorporated Grafted Cells in the 
Host Retina 

The incidence of the eyes with incorporated grafted cells 
increased between 1 and 2 weeks but did not change between 
2 and 4 weeks. Some time may be required for the cells that 
have migrated onto the retinal surface to create graft- host 
contacts and to migrate into the host retina. This behavior of 



the grafted cells is consistent with the results of our previous 
study.^ 

The grafted cells were located around the injured sites, 
where the expression of nestin and GFAP in the host Miiller 
cells was upregulated. The width of the distribution of the 
grafted cells was much greater than that of the injury Gess than 
100 )Lim) at any time point evaluated. We therefore speculate 
that the grafted cells migrated into the host retina not only 
from the injured site but also from the vitreous surface around 
the injured site where the host Miiller cells were activated by 
the injur>'. This speculation was supponed by our other exper- 
iments that hippocampal stem cells can also incorporate into 
chemically damaged retinas (data not shown). It has been 
reported that upregulation of the expression of nestin and 
GFAP in astrocytes or Miiller cells occurred in the CNS includ- 
ing the retina after various types of damage. ''*"*® It also has 
been shown that activated Miiller cells express a number of 
qiokines such as bFGF, ciliar>' neurotrophic factor (CNTF), 
and transforming growth factor aGF>a.'^"^^ It seems reason- 
able that the Muller ceUs that were activated by the mechanical 
injur)' may have played an important role in the migration 
and/or differentiation of the surviving grafted cells. 

For the purpose of assessing the effect of retinal injury, we 
chose the vitreous cavity instead of the subretinal space for the 
site of injection of the neural stem cells. Subretinal injection 
itself causes retinal detachment and much damage to the ret- 
ina. 

Differentiation and Integration of the 
Grafted Cells 

The hippocampal stem cells used as the grafted cells were 
confirmed by immunocytochemistry to be immature cells. Be- 
fore grafting, most of them expressed nestin. However, once 
they were grafted, the number of cells expressing nestin de- 
creased. On the contrary, the ceUs expressing MAPs and GFAP 
increased with time, which suggests differentiation of the stem 
cells into cells of the neuronal and astroglial lineages. Among 
the MAPS, MAP2ab is thought to be a late marker of neuronal 



Table 2. Differeniiaiion Ratio of the Incorporated Grafted Cells in the Injured Group 





Nestin 


MAP2ab 


MAP5 


GFAP 


MBP 


HPC-1 


Calbindin 


Rhodopsin 


1 week 

2 weeks 
4 weeks 


56.4 
55.0 ± 3.2 
35.9 ± 19.0 


3.6 
5.1 ± 3.5 
9.7 ± 0.8 


1.1 
21.9 ± 7.6 
25.1 ± 10.7 


3.4 
2.3 ± 1.5 
9.9 ± 4.7 


0.0 
0.6 ± 0.5 
0.8 ± 1.3 


1.6 
1.0 ± 1.0 
0.3 ± 0.6 


0.0 
0.0 i 0.0 
0.5 ± 0.9 


0.0 
0,2 ± 0.4 
0.0 ± 0.0 



Values at 2 and 4 weeks are mean i SD and are the ratio of grafted cells double-suined with anU-^-gal. 
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Figure 3. Double-label immunoflu- 
orescence at the end of 1 (A, D, G, 
and J), 2 (B, E, H, and K), and 4 (C 
F, I, and L) weeks after cell transplan- 
uiion. Green: )3-Gal-immunoreac- 
live cells; red: nesiin- (A, B, and Q, 
MAP5- (D, E, and F), GFAP- (G, H, 
and p» and calbindin- (J. K. and L) 
immunoreactive cells; yellow: dou- 
ble-stained cells {arrows). (A. B. and 
O Nestin-positive grafted cells de- 
creased in number from 1 to 4 weeks 
after transplantation. (D, E. and F) 
MAP5-posiiive grafted cells increased 
from I to 4 weeks after transplanta- 
tion, (G, H, and I) Few GFAP-positive 
grafted cells are obser\'ed at I and 2 
weeks after transplantation, but they 
begin to appear at 4 weeks. 0- K, 
and L) Calbindin-positive grafted 
cells are rarely obsen-ed at any time 
after the injection. Scale bar, 20 ;im. 



differentiation, because its expression increases as neuronal 
cells mature,^^ whereas the expression of MAP5 is generally 
abundant in neuronal cells at very early developmental stag- 
es. These facts explain why the expression of MAP5 in the 
grafted cells increased earlier than that of MAP2ab. GFAP and 
MBP are markers for astroc>tes and oligodendrocytes, respec-*"--. 
lively. The expression of MBP was hardly detected up to 4 
weeks, whereas that of GFAP increased between 2 and 4 
weeks after the grafting. This finding indicates that the hip- 
pocampal stem ceils did not differentiate into oligodendrocytes 
but into astrocytes after the grafting, although they differenti- 
ated into both glial lineages in vitro.' It also suggests that the 
specific microenvironment in the retina, where no oligoden- 
drocytes exist, may affect the fate of differentiation of the 
hippocampal stem cells. As for the retinal cell markers, HPC-1, 
calbindin, and rhodopsin, their expression in the grafted cells 
was hardly observed at any time after the grafting, indicating 
the failure of differentiation into retinal neurons even at the 
end of 4 weeks after the grafting. One possible reason for the 
^ure is absence of unknown local cues in injured adult retina. 
There may be some unknown factors that are expressed only in 
earlier stages of retinal development and permit the hippocam- 
pal stem cells to differentiate into retinal neurons. Another 
possible explanation is limited plasticity of the hippocampus- 
derived neural stem cells. They may continue to possess the 
characteristics of cells in the hippocampus, from which they 
are derived, even after being transplanted into retinal tissue. 



Immunoelectron microscopic study revealed the exis- 
tence of graft- graft and graft- host contacts. The grafted cells 
formed pimcta adhaerentia-like and asynmietrical s>'napse-like 
structures with the host cells. Not only mechanical contacts 
but also intercellular signaling could be formed between the 
graft and host cells. There are several reports describing graft- 
host synapse formation in the adult CNS in homotopic trans- 
plantation, such as retina to retina,^***^' and also in heterotopic 
transplantation, such as retina to ccrebellum.^^ It is still un- 
known whether these synapse-like structures actually function; 
however, the formation of such structures is significant evi- 
dence for integration of the grafted ceils into the host retina. 

Deriving Retinal Neurons from Neural Stem Cells 

Further studies are needed to establish the utility of neural 
stem cells for replacement and reconstruction of retinal neu- 
rons. One possibility is retina-derived neural progenitor cells. A 
recent study revealed that embryonic retina-derived neural 
progenitor cells can differentiate into photoreceptors in 
vitro.^"^ If they maintain the characteristics of retinal cells 
through expansion in vitro, they may differentiate into retina- 
specific neurons after transplantation. Another possibility is 
modification of cellular characteristics of the hippocampus- 
derived neural stem cells for retina-specific differentiation by 
ti^msfection of key molecules such as homeobox gencs.^*'*^'' 
Also, pretreatment of the neural stem cells with growth faaors 
is a possible means of controlling the cells' fate. In fact, in our 
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Figure 4. Immunoeleciron micros- 
copy on sections at 4 weeks after 
transplanution. (A) Grafted cells arc 
identified by the presence of gold 
particles indicating immunoreactiv- 
ity for A gold-labeled grafted 
cell (Gl) in the IPL extended its 
pseudopodia (p) and made contact 
with another grafted cell (G2). Note 
that the grafted cells contained a 
large number of mitochondria (mt). 
(B) A grafted ceU (G) extended its 
process (arrow) and made close con- 
uct with a host cell (H) in the inner- 
most part of the INl. (Q A grafted 
cell (G) in the INL formed contacts 
with host cells (H). Both s>'mmetrical 
(arrows) and asymmetrical (arrow- 
head) membrane thickenings were 
observed. (D) An axon terminal of a 
grafted cell (G) labeled with gold par- 
ticles (small arrows) in the IPL con- 
tained s>'naptic vesicles (arrow- 
heads) and formed a s>'napse-like 
structure with a host cell (H). 
Posts>'napiic density (large arrow) 
was observed in the host cell. Scale 
bar: 1 (A, B); 500 nm (C, D). 




previous study, we found that some neurotrophins affect the 
differentiation of the hippocampal stem cells in vitro^°; how- 
ever, growth factors that can induce neural progenitor cells to 
produce retina-specific neurons have not yet been identified. 

Conclusions 

In conclusion, this study has yielded basic and important in- 
formation regarding the transplantation of adult rat hippocam- 
pus-derived neural stem cells into the adult retina. First, incor- 
poration of the grafted neural stem cells was achieved in 
injured adult retinas. Second, some of the incorporated neural 
stem cells showed differentiation into neuronal lineage and 
formed graft- host contacts such as punaa adhaerentia- and 
synapse-like structures. Third, even after successful transplan- 
tation and differentiation into cells of the neuronal lineage, the 
neural stem cells failed to differentiate into retina-specific phe- 
notypes as shown by expression of HPC-1, calbindin, and 
rhodopsin, possibly because of their basic inability or an ab- 
sence of local cues essential for differentiation into retinal 
neurons. 
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Glial cell transplantation into myeiin-deficient rodent 
models has resulted in myelination of axons and 
restoration of conduction velocity. The shaking (sh) 
pup canine myelin mutant is a useful model in which 
to test the ability to repair human myelin diseases, but 
as in humanSy the canine donor supply for allografting 
Is limited* A solution may be provided by self* 
renewing epidermal growth factor (KGF)-respoQ5Tve 
multipotential neural progenitor ceil populations 
C'neurospbercs'')- Nonadherent spherical dusters, 
similar in appearance to murine ncurosphercs, have 
been obtained from the brain of perinatal wildtype 
(wt) canine brain and expanded in vitro in the pres* 
encc of EGF for at least 6 months. Most of the cells in 
these clusters express a nestin-rebted protein. Within 
1-2 weeks after removal of EGF, cells from the 
dusters generate neurons, astrocytes, and both oligo> 
dendroglial progenitors and oligodendrocytes. Tlrans- 
plantation of lacZ-expressing wt neurospberes into the 
myelin-deticient (md) rat showed that a proportion of 
the cells differentiated into oligodendrocytes and pro- 
duced mydin. In addition, cells from the neurosphere 
populations survived at least 6 weeks sJter grafting 
into a 14-day postnatal sh pup redpicnt and at least 2 
weeks after grafting into an adult sh pup redpient 
Thus, neurospberes provide a new source of allogeneic 
donor cells for transplantation studies in this mutant. 
J. NeuroscL Res. S0:862-«71, 1997. 
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Key words: epidermal growth factor; mydin defidcnt; 
neural progenitor cells; glial cdl transplantation 

INTRODUCTION 

Accurpulating n^earch in animal models raises 
hopes of using glial trdnsplaniaiion in therapy for human 
myelin diseases. Glia from a range of sources can 
myelinate axons in variouf: recipient environments (re- 
viewed In Duncan and Mil ward, 1995; Franklin and 



Blakemore, 1995; Duncan, 1996). Most research uses 
rodent redpieots with inherited myelin disorders (re- 
viewed in Duncan and Milwaid, 1995; Duncan, 1996) or 
with chemically induced demyclinating lesions (Blake- 
more and Crang, 1983; Blakemorc et al., 1995), but there 
are obvious iimiutions to extending 5;uch studies to 
humans. Myelin diseases such as mulcipte sclerosjK may 
develop over years, whereas most rodent myelin mutants 
die before adulthood. Glial cells grafted into rodents can 
migrate substantial distances (1-2 cm) but may need to 
travel much farther to reach surgically inaccessible le- 
sions in humans. Mechanisms of differentiation, myelina- 
tion^ or remyclination may also differ benveen spcdes. 
Most smdies on human glia have not found close 
resemblances to rat oligodendruglial growth factor re- 
sponses, andgcnic profiles, or adult pnigenitor cells, 
although some similarities do exist (Kennedy ci al., 1980; 
Dickson ei aU. 1985; Yong et al., 1988; Aloisi et al^ 1992; 
Armstrong et al,, 1992; Yong and Antcl, 1993; Gogate et 
al, 1 994; Saioh and Kim, 1 994; Scolding et al., 1 995). 

The canine .shaking (sh) pup model may help bridge 
the gap between rodents and htunans. Like some rodent 
models and cenain forms of the human Pelizaeu.s- 
Meizbacher and X-linked spastic paraplegia diseases, it 
arises from an exonic point mutadon in the protenKpid 
protein gene (Nadon el al., 1990). The mutation arose 
.spontaneously in Welsh springer spaniels and causes 
severe tremor from about 12 days of age after birth, 
followed by late onset convulsions (Grififilhs et aL, 1981 ; 
Duncan, 1995). The central nervous system (CNS) is 

Contna eraflt sponson CyluThcnpeucict. 

EHubcfh Milward's presenl addrus 1$ Centre for Educatsnn nn6 
Research on Ageing Umvenity of Sydney ami Conconi Hoypital. 
Coocofd, 2 1 39, NWS. Atconiia. 

^CoTTopondenoe lo: Dr. Ian D. Duncan, University of Wi.«consi&. 
School of Veterinary McdScfoe. 2015 Undcn Drivo Wcu. Mftdikon, Wl 
5.^706. £*mai): duncaniC^ jivm.vcUDcd.wijtccdu 

Recdvod 7 AuguKt 1997; Accepted 8 Aupm 1^97 



C1997 V^ey-Ua, Inc. 



1-30-1998 12:39PM FTiDtA IAN D. DUNCAN 6082658208 



P. 



severely hypomyclinaicd, with reduced numben* of ma- 
ture oligodcndrocyies (Duncan et al., 1983). Death nor* 
mally occurs ai about 3-4 months of age, but animals can 
live over 2 years with intensive rearing. 

Xenografts of normal canine oligodendrocytes my- 
elinate axons in myeHn-deficient (md) raw (Archer et aL, 
1994). and allografting of canine glia into sh pup spinal 
cords shows that sh pup axons can be rcmyelinaicd 
(Archer ei al^ 1997). Allografting reduces immunologic 
complications but raises the problem of obtaining suffi- 
cient donor cells for iransplaniation, a common difficulty 
with species other than rodents. A solution may He in the 
use of sdf-renewing, multipotcoiial, growth fuctor-rcspon- 
si vc neural progenitor cell populations, wluch grow in cluster; 
dubbed *'ncunviphCTcs" (Reynolds and WeLv;. 1992, 1996: 
Reynolds et al., 1992). Cells in these populations generate 
neurons and astrocytes (Reynolds and Weiss, 1992, 1996; 
Reynolds ei al., 1992) and ohgodcndroglial cells (Haxnmang 
et al., 1997; Reynolds and Weiss, 1996) in proportions 
that may be influenced by envirorunenial manipulation. 
Murine neurosphcnis grafted into the mJ rat CNS gener- 
ate cells that myelinate host axons (Hammang et al., 
1994). Expandable multipou^ntial populations of growth 
factor-iesponsivc cells from the canine CNS could 
circumvent limitations of tissue availability for transplan- 
tation studies or in vitro analysis. 

Although the presence of normal proicolipid pro- 
tein or normal myelin production can distinguish normal 
from mutant oligodendrocytes after transplantation, both 
approaches arc susceptible to technical or inieipretational 
ambiguities. Recent glial transplantation has used lac Z 
expressing cells, obtained by stable transfection of rodent 
glial lines (Tontsch et al.. 1994; Franklin ct al., 1995, 
1996) or from transgenic iiuce expressing lacZ under 
myelin protein promoters (Hammang et al, 1994; our 
unpublished data). Cununtiy, no carune glial Unas exist 
and neither approach can readily be applied in diis 
species. Instead, we have tested the ability of the third 
generation PC 13 retroviral vector system (Miller ci al.^ 
1991 ) to transduce lacZ expression in canine ceUs. Vector 
packaging in this system uses the Gibbon ape leukemia 
virus env protein, which includes both canine and human 
cells in its host range (Miller et al., 1991). A rcccpu^r. 
GLVRI, for this cnv protein is expressed abundantly in 
brain, with particularly high expression early in embryo- 
genesis (Johann ct al., 1992; Kavanaugh el al., 1994), 
making this system an ideal candidate for labeling canine 
neural progenitor cells. 

We have obuincd expandable multipotential popu- 
lations of growth faaor-^csponsive cells from the normal 
canine CNS and transduced these to express lacZ to 
provide labeled allogeneic donor ccll.^; for u~unsplantation 
studies in sh pups or for xenografdng into md rat 
recipients. We have aLw obtained similar populations 
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from mutant sh pup brain, which should enable further 
study of the effect? of the sh mutation on CNS cells. 

MATERIALS AND MEirHODS 

Prxrparation of "Neurosphercs" From sh and wt 

Littermate Pups 

Wildtype (wr) and sh pups were obtained firom a 
colony at the University of Wisconsin. Donors were aged 
from embryonic day 40 to postoatal day 8. After euthazu- 
sia with barbiturate solution, brains were placed in 
artificial high-Ca^*, low-Mg^* cercbruspinal fluid solu- 
tion (2 mM CaCh, 1.3 mw MgCla, 124 mM NaQ, 5 mM 
KQ. 26 mM NaHCOj, 10 mM l>-glucose, pH 7.35) and the 
subveniricular caudate nucleus, internal capsule, putamen/ 
pallidum, and ventral mesencephalon separated and 
nur>ced (< 1 nim^), Aliquots were dispersed mechanically 
by trituration or with enzymes (Reynolds and Weiss, 
1992). All trituration was performed first with standard 
bore, then with firc-poHshed Pasteur pipettes, with the 
exception of iriiurdtion performed before transplant into 
md raw (see below), which used sequential passage 
UiTOugh 20-, 23-, 25-, and 27-gauge needles. After 
filtration (35 pm nylon mesh; Small Parts, Miami Lakes, 
FL), suspensions were centrifuged (5'*C, 5 min, 400xr), 
dispersed in EGF medium, comprised of 20 ng/ml 
mou.<;c submaxillary gland EGF (Collaborative Research, 
Bedford, MA) in Dulbecco's Modified Eagle's Medium/ 
F12 (1 :1) with additives as given elsewhere (Reynold* ct 
al., 1992), and plated in uncoaied tissue culture flasks. To 
obtain adherent dift'ereotiated populatioas, cells were 
collected by centrifugation (S^^C, 5 min, AOOg), rcsus- 
pended in EGF* medium (the same base medium but 
with 1 % fetal bovine serum replacing EGF) and plated on 
dishes coated with poly-K-oiruihinc (10 pg/ml). 

LmnunofluoresceDce 

Rabbit polyclonal antibodies were used to detect 
ncstin (Rabbit 130 from Dr. R. McKay, National In.siitule 
of Neurological Disorders and Stroke, Beihesda, MD) 
and 68 kD ncun)rilament protem (from Dr. P. Gambctti. 
Instirote of Pathology, Case Western Reserve University 
School of Medicine, Cleveland OH). Monoclonal antibod- 
ies were Rat 401 anri-nesun (Developmental Studies 
Hybridoma Bank, Iowa City, lA), 04 and Ol (from Dr. 
M. Schachner), and Ranscht anti-galactoccrcbrosidc (GQ 
(Boehringcr Mannheim, Indianapolis, IN). All odier aiiti- 
bodies, conjugates, and nonspecific immunoglobulins 
were from Jackson Immunorcscarch Laboratories (West 
Grove, PA). Negative controls were provided by omission 
of primary antibody or replacement with noninmtune 
rabbit serum or nonspecific mouse immunoglobulin. 
Secondary antibodies were the fluorescein-conjugaics 
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Nlilward «l aL 
,t «nri rabbit IcG and anii-mouse IgG. rhodamine- 

dtnkcy anti-rabbit IgG and -^-J^^"^:^'^^ 
maiin-3-ua:iai6^njttgatcd strepiavxdm. CelU were fixed 
w:r4%^ornulddiyde (10 min. room tcmp^me)^ 
AiSbodies were dUutcd in 5% 
phosphate buffcrtd saline (with ^-^^^-^^.^j'^^J^, 
anubodies to ncsUn). Aside from ana-GFAP (4 C. ov^ 
nSo. Sibodics wire incubaicd ^t"^' 
mS^ foUowcd by ai least three buffer washes. After 
SSki iugen labeling (04, 0 1. Ranseht). samp es wc« 
"^?Ld in 5% glacial acetic aei±95% cth^nol f^^ 
10 min at -20'C and nestin. neutofilament. and glial 
M^y acidic protein (GFAP) armbodies used « abov^ 
Suini^for combinations of 04. '^f^^l'^;^ 
as described elsewhere (Armstrong ci al., 1992). Samples 
w^'STunted in CitiFluor (UKC Cbemica^ LaU>r^ot7^ 
Canterbury. UK) containing bisbenzimide H33342 fluoro- 
chjome (Calbiochem. La JoUa, CA). 



lyansduction oflacZ Expression In Canine 
Neorospheres 

The PG13 rctrovirdJ packaging system, provided by 
Dr M Eidcn. National Instinite of Mental Heal h 
(Bcthesda, MD). was maintained and used as previously 
deS (Miller et al.. 1991, 1993). Mcd^ condmoned 
?orTiys with packaged, defective. r«ioviral vect^ was 
S^ested, filtered (0.45 pm). and used 
ai -70"C Activity was confirmed usmg the RaU fibro- 
blast line (Miller ct al.. 1991. 1993). T-^I^ 
order of 10* colony forming umis per nuUibter. Neuro- 
.nhercs were passaged (with trimraQon) mto media 
Sinrof BGF* Uum:PG13-condidoned medium 
a:l). wiU, polybrene (4 Hg/mD- After 20-24.hr rncub*- 
tion, cells were pelleted (5'C. 5 min. 400^). r^^^^^'f 
in EGF- medium, and collected 24^8 hr later by 
centrifugadon (S-C. 5 min. 400g) for transplantaaon 
(below) or plaring in EOF" medium on poly-i^m.thme 
coated dishes for immunocytochemistry as above or 
5-bromo.4-chlorv.3-indolyl p-D-galaciosida.sc (X-gal) 
staining (TonBch et al., 1994). 



TV^planlation of Canine Neurospheres Into sh Pup 
Recipients 

Recipient pups (aged cither 14 days or 7 months) 
were premedicated with analgesics and sedaUves, m- 
duced with an ultra-.shon-acung barbiturate, dicn intu- 
batcd and maintained with isoflurane and oxygen- Dorsal 
laminectomy was performed at thoracic and lumbar Mte-t 
T13-L1 L1-L2, and L2-L3. Using a surgical micro- 
scope, a durotoroy was carried out at each laminectomy 
site A glass micropipette (30-pm bore) was "J") 
the spinal cord and 2-4 jJ of cell suspension .slowly 
injected over a 1 -minute period by using a micromanipu- 
lator and Hamilton syringe. Respiration was conlroncd 
with the neuromuscular blocking agent succinylchoUne 
during the injection to minimize spine movement Injec- 
tion sites were raarlccd with .sterile charcoal, a fat graft 
placed in each laminectomy defect and muscle, subcuta- 
neous tissue and skin reapposed. Two to six ^J^^ '^'" 
injection, pups were anesthetized, fixauve-perfused, and 
stained for X-gaU then transverse sbces were Epon 
embedded for 1-fim sectioning and staining with 
p-phcnylenediamine (Toniscb ct al., 1994). 



TtansplanUUon of Canine Neurospheres 

After centrifugation a.s above, cells were resus- 
nended in EGF* medium and either pipette inturated, 
followed by removal of undissociated spheres by nylon 
mesh filtration (35 jim). or trimratcd with needles as 
above. After Trypan Blue viability asscs-smcnt and coum- 
ing. cells were pelleted as above, resuspend*^ at 25.000- 
?5i)00 cells/^l in Ca/Mg-free Hank's buffered sahne 
solution with 0.01 % bovine serum albumin and placed on 
ice until uansplaniation into sh pups. 



TVansptontation of Canine Neorospheres Into md Rat 
Recipients 

CeUs were exposed three times to rcm>^nI1d^^taor' 
containing tnedium that had been stored at -70 C (one 
freeze-thaw cycle). TOs boosted the transducuon em- 
ciency obtained with stored media. Initial ovemight 
vector exposure, centrifugation, and ^c^^P^^^^^ 
EGF* medium were as described above; after 48 hr ceUs 
were again passaged with trituration into EOF* m^um: 
PG13-condiuoned medium (1:1) with polybrene (4 pg/ 
ml), incubated 4 hr. then ccntrifugcd and resuspended as 
before. TOs wa.s repeated 72 hr later. Cells were pa.«agcd 
with triiuimion 48 hr later, and after a fiirthcr 24 hr. 
trimrated as above, except that the la.st trituitmon used 
25V4- and 27-gaugc needles sequentially, and placed on 
ice for transplanution. The md wl recipients were from a 
Sony at tlie University of Wisconsin. Transplantauon 
into L rat spinal cord consisted of jff^ ^^^LsoSS 
inicctions, the latter I mm apart, each of 1 fd at 25-50.000 
Sls/ul at the th.«cic-lumbar T13-L1 junction, iismg 
published protocols (Hammang '^94)^^P-;« 
were treated daily with Cyclospormc A (10 mgfl^ body 
weight). Conditions of final anesthesia, tissue fixation^ 
proL sing for X-gal revelation. Epon embedding, l-pm 

S^eri.sectioidng. and P'^^^-y^'^^r^^^''!, 
have been described (Hammang ct al.. 1994; Tonfc.ch et 

al., 1994). 
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RESULTS 

Preparation of NeurospheresFromj/i Pup and w» 

Littermate Pups 

Wc lesied various tissue dissociation techniques on 
several regions from embryonic or postnatal wt camnc 
TraS^ Donors were aged between embryomc day 40 to 
pStnatal day 2 (canine gesiaiion is about 63 days). C^s 
J^rembryos malUply more rapidly and have been 
cxoandcd in vitro at least 6 months. 

%euro..phere.like clusters were derived from each 
of the subveniricular caudate nucleus, internal capsule 
nuiamen/palUduiD, and ventral mesencephalon. For a^l 
orSSols. the putamen/pallidum was consistently the 
nSre^ source, both in clatter yield., and in long-term 
sSabSSTof cultures. Subventricular and ventral 
Snccph Jon regions were the richest sources of neuro- 
spheres from embryomc and pa^matal pups the most 
alienable to sustained in vitro expansion. a.s is also the 
case in both embiyonic and adult mice (Reynolds and 
Weiss 1992; Reynolds ci al.. 1992; Hammang et al.. 
1994 *1997). Separate canine preparations were suDse- 
cuenUy made from (1) ventral me..eacephalon and (2) 
"striawm," comprised of pooled caudate nucleus and the 
adjacentportionoftheinnercapsule. 

Rodent neurxjspheres arc obtamcd from Q^S by 
trituration alone or after enzyme ueatment (Reynold., and 
wSss. 1992; Reynolds et al.. 1992). Tnturat.^ alone 
routinely generated neurospher« from canme CNS. but 
eZme ireatmcm failed to give useful yields from some 
pups and subsequently wa.. not used. Moreover com- 
pa^d with rodent neurospherus, even after iso^uon 
Line ncurospheics were harder to dissociate during 
subsequent passaging or for differcnoauon snidies. Even 
forceful trituration failed to disperse all clusters and, 
. gauged by Trypan Blue exclusion, damaged as many as 

80% of cells (daU not shown). 

In the murine ncurosphere .system, when cells are 
first isolated from the CNS there is a period ot cell death 
over the first 5 days in vitro. foUowed by progemtor 
division leading to sphere formation (Reynolds et aU 
1992). This was not observed in the camne system. 
Instead, adherent spherical clusters of nrtracule cells of 
healthy appearance were first detectable al 4 hr postplat- 
ine and were readily apparem by 12 hr in both stnaul and 

• viStral mesencephaUc cultures. As preparauons were 
filicred before plating, these clusters may an.se froni ceU 
ag-rcgaUon. Nonadherent spherical clusters containing 

* four or more retractile cells were observed ^^^^j^f} 
hr postplaiing in esseniiaUy all cultures (Fig. I A.). Debns 
and unhealthy or dead-looking celU were typically pre- 
sent daring the first 14 days, but apparcnUy heali^ 
spheres of increa-sing si?* continued to be observed 



throughout this time. Dispersion of large dusien. donng 
oa..saging (see Methods and previoas paragraph) yielded 
both .smil clusters and individual cells, with subsequent 
..phere gtx)Wth alloWuig expansion at a spht rauo of 1:2 
every 2-4 weeks for al least 6 months 

After expan.«on by passaging between two to nine 
times in the presence of EGF. adherent differenuated 
populaUons were obtained by partially dissociaUng ncuro- 
soheres by trituniiion and plating onto polyi^^roithine 
substrata in EGF medium. (As noted above, .sphere* 
could not be completely dissociaied without cxc«aive 
cell destruction.) Cells were fixed 1 hr to 28 days later. By 
I hr postplating. spheres had attached to ihe sub.stratum. 
By '2A hr. emergent cells began to form monolayer 
"halos" around spheres. 

Rai401 monoclonal and rabbit polyclonal 130 onn- 
bodies were used to reveal expre.s.sion of ncsun. a neural 
progenitor marker, in striatal or ventral mescncephalon- 
derived neurosphercs. At 1 4. and 24 hr postl^aun^ 
fluorescence was above background levels in ™ost celU 
(Fie. IB) although labeling inieiasity with either anubody 
l^-low compared with staining seen with Rat40l m 
murine systems (Hammang et al.. 1994; our unpubbshcd 

observations), suggesting ^"?P»V^«*°"=" ^.1^^ 
canine and rodent nestin species. Both ceUs m clust«^ 
and some cells in the monolayer expressed nestm. but by 
24 hr postplating many cells in the monolayer were 
apparcndy unlabeled (Fig. IB) and no ncstin staimng was 
detectable after 10 days in vitro (not shown). Patterns of 
nestin staining were similar in cells originally derived 
from different CNS regions. . . v«t 

Monoclonal andbody to the 68 kD NF protein 
detected ceUs with morphologies resembling neurons or 
Inunaturc neuronal cells ai 25 day.s postplaiing m Uiih 
striatal and venual me.sencephalon-deriv«l cultures (Rg. 

IC). AS revealed by this antibody, many of th«e «lls had 
long, very fine processes. No cells expressing the 68+D 
NF protein were detected at earlier times. Cells exj"^ 
ine GFAP, some with stellate morphology, were dete«ed 
at all iime.s examined &om 7 days postplatiiig onwari in 
both striatal and ventral mesenccphalonKlcnved cultuie* 

Markers used with or without concomitant GFAP 
staining to Ideadfy oligodendrocyte-typc 2 asaoqrw 
Uneagc eeUs were the 04 and R-nscht »nuge« (Som^ 
and Schachner. 1981; Ranscbt a al.. i^^^- /T^^^. 
bearing cells expressing 04 were 
surrounding spheres at all times examined from 7 days 
r^Utio" onward in both striatal and ventral mesen- 
S^Son^crivedcuUures(ng.lE)^S^^^^^^ 
these 04+ cells also expressed GFAP. ^ 

Ste morphology nor P^'^ ''^ n'^^dTnS 
phologies typical of 04+ cells were observed in freshly 
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pUted neurosphcrc cultures nor in the surrounding halos 
of cells migraiing out of the neurosphcrcs in the first 24 
hours after plating. Ranscht antigen expression was not 
detected at cither 7 or 10 days postplating in any cultures 
but was observed at 12 days po5;tpliaing in all culnircs in a 
very small percentage of 04^ ccUs (estimated to be 
«)7o). These typically had morphologies classically 
associated wiih oligodendrocytes, with many highly 
branched pnxxsses (Fig- IF). Such morphologies were 
not observed in freshly plated ncurosphere culnires nor in 



B". 1. Cencralion and UMsplanuition uf EGF-rcsponsivc 
canine neuraJ progcnilor populaiionx. A: Prtparalion from the 
strianim of a nonnal E45-50 pup at 4& hr after isolation firom 
ihc CNS, showing sphericaJ clujttcrs resembling ncurusphcrcs 
conuiniog rcfraaUe cells of healthy ttppcarancc. B: Nca^lin 
immunorcactivity (green) occurs in cells wiihin ixnd around 
spheres in nonnal E50 canine suiaul ncurosphere preparations 
24 hr after plaving in EGF medium. Some surrounding cells, 
visualized by nuclear labeling wiih Hocchst bisbenrimide 
H33342 (blue), do not express ncsrin. C: Cells from normal 
E50 canine striatal neurosphcrus 25 days after plating in EGF 
medium, labeled for the 68-U> neurofilament protein (gn;cn) 
and Hocchst bisbenzimide H33342 (blue). D: Cells Irom 
normal £50 canine striaul neurosphercs with stellate and other 
morphologies exprcsiting GFAP (blue) 7 days after plating in 
EGF* medium. Nuclei arc also labeled blue with Hocchst 
33342. which dw not label cell processes, allowing GFAP- 
ncgaiive cclLi to be visualized (arrows). E: Expnession of 04 
antigen (red) in cells from normal ESQ canine ventral mesen- 
cephalon ncurosphcrcs 12 days after pladng in EGF" medium. 
F: Occasional 04-posiiive cells also react with the Ranscht 
anu-galaciocerebfoside antibody at this time. C: Expression of 
lacZ in normal canine neurusphcres after vansductiun using die 
PC 13 retroviral vector system. H: Transverse section of die 
spinal cord of a 2.monih $h pop, 6 weeks after transplantalion 
of LiC Z-labelcd wt canine neurosphcres at 14 days after birth. 
Blue clusters arc visible in several regions of the cord (arrows), 
I; Transverse section of the spinal cord of a 7-l$-month sh pup. 
2 weeks after transplantation of la^labeled wi canine ncuro- 
spheres. A blue cluster is visible in the lateral column of the 
spinal cord (arrow). J: Microscopy of transverse sections shows 
graft cells apparently integrated normally into the adult sh pup 
cyioarchitecture (arrows). Vacuolanon in this secdon is due to 
the method of fixation and not the transplanted cells. The 
section is counicrstained with pardphcnylenedi amine. K: Blue 
clusters are visible for several millimctcn; along the dorsal 
midline of the spinal cord of an iru/ rat that received IcurZ- 
labcled canine neurosphcrcs 1 week after birth (1-mm markers 
on right). L: The same spinal cord shown in K, showing blue 
labeling throughout the dorsal column at the site of injectitYn. 
M: In a I -pm section from the spinal cord shown in scattered 
myelinated libers (more than seen in nontransplanted md rats) 
are present. Details of a nonnal oUgodeadrucytc with a long 
cytoplasmic process extc-nding to a myelinated axon (arrow) are 
shown in the inseL Such cells arc not normally seen m areas 
outside of the transplant 



the surrounding halos of cells migrating out of the 
neurosphcros in the tirst 24 hr after plating from cither 
earlier or later passages. These morphologic observaiioas 
and patterns of marker expression, in particular the 
delayed and scpamic appearances of the Ranscht antigen 
and the 68-kD NF protein, provide direct evidence that 
differentiauon along Ct^S lineages is Dccurring in this 
system. 

The PG13 packaging system uses the Gibbiin ape 
leukemia virus cnv protein (Miller ei al., 1991). The 
rotrovirid vector we used in this system is based on the 
plxsmid pLXSN and contains lacZ under the SV40 
promoter (Miller ct al., 1993). This vccU)r/packaging 
combination transduced lacZ expression in a substantial 
proportion of cells in the canine ncurosphere prt:panit3uns 
generated from perinatal pups (Fig. IG). We first used 
allografting into sh pups to address the issue of whether 
neurospher^crivcd cells can survive in the adult sh pup 
CNS environmenL Adult sh pups arc cxurcmely rare, and 
although the lifespan of sh pups can be increased to more 
dian 2 years widi inu:nsivc rearing, uidividual adults may 
nonetheless die at any time after 3-4 month-s even without 
the added risks arising from surgery. For these rca-sons, in 
this initial study, survival in an adult animal was exam- 
ined in the .short term, and a po.stnatal animal was used to 
examine survival in the longer temi. Fixation and pnxicss. 
ins conditions for combined lacZ and myelin detection 
have been relincd in numerous rat studies and are not 
optimal with respect to tissue preservation in the larger 
canine system, where animal rarity restricLs optimi/ation. 
Thus, the myelinating capacity of ncunisphere popula- 
tions was examined by xenografling into md rats, which 
also provides more suingeni environmental conditions 
than allografting. Aliquois of populations destined for 
allografts or xenografts were plated under differentiating 
condidons, as above and in Methods, for parallel exami- 
nation of in viuti differentiation and lac7. expression. The 
appearance of differentiation markers? in these cultures 
followed the same lime course as was described above. 

Populations of proliferative canine neurospheres, 
originally derived from sirianim of embryonic day 40-50 
normal pups, were transduced to express lac Z and 
transplanted into the spinal cords of a postnatal 14 day 
and an adult (7 months) sh pup. (Donor cells had 
undergone three and nine passages in vitr^>, respectively, 
before transplant) The postnatal pup was killed at 6 
weeks and the adult pup at 2 weeks posttransplant. After 
X-gal staining, transverse sections of the spinal cord in 
the regions of the thoracic and lumbar injection sites 
(T13-L1, L1-L2, and L2-L3) revealed distinct clusters 
of blue patches in each of the postnatal and adult animals 
not only at the site of implantation in the dorsal column 
but also in the lateral or ventral columns and gray matter 
(Fig. IH. I), suggesting that migration of implanted cells 
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may have occurred. Our previous studio have shown ihai 
there is an acute passive dispersion of ceUs only along the 
dorsal column, up to 8 mm from the site of transplanuuon 
(Upsitz et al., 1995). Similar studies with Hocchst 
labeled cells have also shown a localization of trans- 
planted cells immediately after transplant to the dorsal 
columns (Zhang and Duncan, unpublished data). The 
fixadon used failed to preserve structures opnmally in the 
adult muianu but nonetheless light microscopy of tissue 
sections clearly demonsiraicd IacZrexpn«»ing cells m 
association with areas containing myelin (Fig. U)- These 
cells appeared to have integrated into the surrounding 
cytoarchiicctuic, with no evidence of rejection. 

Xenografts into md rat recipients were used to 
obtain further evidence for the ability of ncurospherc- 
derived cells to myelinate host axons in a myelin- 
dcficicm environment. To facilitate routine studieii m 
these rats, a triple exposure protocol was used for 
successful uansduction of lacZ explosion by using 
media conditioned with packaged, defective, retroviral 
vector that had been stored frozen before use (Methods). 
Canine neuros-pheres were uansduccd to express lacZ and 
implanted into the dorsal columns of spinal cords of 
7-day postnatal md rats at the thoracic-lumbar (T13- 1.1 ) 
junction (Methods). At 1 1 days posttransplant, low-powcr 
light microscopy revealed blue X-gal reaction product 
spread up to 6 mm along the dorsal midline of at least 
three transplant recipients in each of two separate cxperi- 
mcnw (Rg. IK). This typicaUy appeared as clusters of 
small blue patches or dou, rather than the more bomoge- 
neously distributed streak of blue-labeled cells oficn seen 
after gUal cell transplantation (Tontsch et al^ 1994). 
Transverse sections (1 nm) of recipient spinal cords 
revealed grafted cells in the dorsal columns in areas 
containing myelinated axoitf (Fig. IL) and. strikmgly. a 
grafted ceU with a long cytoplasmic pnxxss in contaa 
with a myelinated axon (Rg. IM). By electron micros- 
copy (EM), the myelin was found to have a normal 
iniraperiod line that is lacking in host myelin. 



DISCUSSION 

We have obtained cell populations from wt canine 
perinatal striatum and ventral mesencephalon that closely 
resemble murine EGF-responsive multipoicnual neural 
progenitor cell populatioas (neurospheres). The clusters 
of canine cells arc similar in appearance to murine 
spheres and can be expanded with passaging for at least 6 
months in viao in the presence of EGF. On removal of 
EOF, cells within the clusters generate neurons, astro- 
cytes, and oligodendrogUa. Cells from these cultures can 
survive at least 6 weeks in postnatal and at least 2 weeks 
in adult sh pup recipients. This is the first time neuro- 
sphere transplant survival has been demonstrated in the 



adult CNS. Neurosphercs thus provide a new source of 
allogeneic donor cells for aansplaniaiion studies in this 
mutant Moreover, grafting of wt neurosphercs into md 
redpieni spinal cords resulted in the production of 
apparently normal myelin by grBft^erived cells, showing 
that these cells are able to myelinate a myelin-deticicnt 
host The ability of neurosphere-dcrived cells to myelin- 
ate under xenograft conditions is encouraging for funire 
studies involving human neurosphcres, which must first 
be tested by xenografting. In addition, the PG 1 3 retroviral 
vector packaging system, based on the Gibbon ape 
leukemia virus env protein, provides a new means of 
labeling donor cells. With a host range also including 
humans and rodents, this system is likely to be useful for 
transplantation s*tudics in various species. 

Our observations of neurosphercs within a few 
hours of the initial preparation of cultures from the CNS 
suggest rapid extensive reaggregaiion of cells. Early 
"spheres" are unlikely lo arise from proliferation of 
single progenitors as canine ncurospheres grow Mowly 
compared with murine neurosphercs maintained in identi- 
cal media (our unpublished obsenrations). Human fetal 
neurosphere preparations also grow very slowly com- 
pared with murine preparations and may require different 
combinations of factors for optimal growth (B. Reynolds, 
personal communication). Faster growth apparently oc- 
cunrd in preparations obtained from embryonic, as 
opposed to postnatal, canine CNS. Because initial yields 
from postoaul pups were in general lower than those 
obtained from embryos, the relative .success of the latter 
may reflea either or both developmental differences in 
the proUferative capacities of progenitors or growth- 
enhancing autocrine effects/which may occur in higher 

density cultures. 

Removal of EGF resulted in the sequential appear- 
ance, over a period of 3-4 weeks, of cells with distinctive 
differentiated morphologies expressing markers of rna- 
ture asuocytes, oligodendrocytes, and neurons, which 
were not detected in freshly plated neurosphere prepara- 
tions. Thus canine neurosphere-dcrived cells diffcrentiati: 
along at least two Uncages, altiiough wc could not verify 
that these neurospheres do, in fact contain multipotential 
cells rather than subpopulations of lineagc-commincd, 
unipotential progenitor ceUs, because die slow growth 
rate of tiiese cells has prevented clonal analysis to date, 
aonal analysis has confirmed the existence of self- 
replicating neural stem cells in analogous EGF-rcspoo- 
sivc murine neural progenitor populations (Reynolds and 
Weiss, 1996), and Ujc long-term cxpandabiUiy of eaninc 
populations is indirect evidence tiiat such cells nuiy be 
present However, whetiier or not stem cells are present 
as the first expandable differentiating system established 
from canine brain, neurosphercs provide a means to study 
at least tiirce of the major CNS cell species, which has not 



1-30-1998 12 = aSPM FROM IAN D. DUNCAN 60a2SB8008 



P. 9 



EGF Responave Canine Neural Progenitoni 



869 



previously been available in ihe dog and which should 
Liliuie siudiesi both of nonnal canine and also ot sh pup 
CNS 

Although secondary to the aims of the present 
srody we have had preliminary success in «generadng 
neurospheres from sh pup mutant embryos (data i»oi 
shown), providing a new in vitro system for characicraz- 



canine environment is able to support the survival of 
perinaul neural progenitor cells, ai least in the short term. 
This is consistent with the existence of neural progenitor 
cells in adult rodent CNS (Reynolds and Weiss, 1992; 
Richards ei al^ 1992). The number of myelinated axons 
observed after xenografdng of canine neurospheres into 
the md rat was considerably more than is seen in 



*The STthTmCt^rm^d^^^^^^ „ontransTlantcdrndrats.dtbo»ghlesshasbeensecnwith 

^ ttH nlLldvesoU^^ allografts of murine ncuiosphots. which mydmate large 

S^^tdn^eTs a&n^^^^^ -utani suggesting an^ of the md cord (Hamrnang et al, in press) In v.^ 

Zlty^ZZi Zvicn^ maturation (Nadon et of the in vitro differences in expan«on r^ d>s««s^ 

^ SorProteoUpid protein gene exptrssion may also above, canine neurospheres may also take longer to 

^aU funaion°T<^ before myelinogen. expand and mature in v.vo than munne ncuro.phoes. 

c.Ts lie Sy "o generate neurospheres even th<M.gh the p«seoce of apparendy myelmautig 

in mS. rtS ti those derived from wt brain should tt^u^phnt-derived oUgodendrocytes after only 11 days .n 

facUhaie smdL on differentiation ofsh pup oligodendro- vivo suggest canine oligodendrocytes differentiaxe more 

cyri Tuch '^^^^^ neurospheres could also be used as a rapidly in vivo than in vitro. Tlus system should Ix. 

^eei in -ene traiisfer studies. In addition, our success in valuable for future soidy of survival, growth, and myebna- 

exDanding neurospheres from the 5/. pup mutant suggests ting abiKty of grafted ceUs. particularly in adult rcapi- 

that this approach could extend the range of models ents, with ultimate applicauons in humans. 



amenable to study and may be apphcable to very rare 
mutants, in which limited availability of affected animals 
has restricted characicrixarion to date. 

Although expansion of the canine populations is 
slow compared widi the murine case, the scarcity of 
source tissue in the canine system makes these ceUs a 
valuable alternative to primary culmre. Analysis of growth 
factor effects in the canine system may permit faster 



Unlike some more differentiated CNS cell specie, 
neur^d progenitor cells may not express both classic 
histocompatibility molecules and may thus, at least 
iniually, provoke a less intense host immune reaciicin 
(Bartleti ci al., 1990). Although null mutant studies 
suggest peripheral transplant rejection can occur in the 
absence of both clas.<s I and II molecules, as far as we are 
aware this has yet to be estabUshcd for the CNS, which i.< 



tactor enecis in uic • — / 1— — - aw«»w um-u—^-. ^.,1,- 

expansion of these cells in vitro. Basic fibroblast growdi relatively immunologically pnvileged. Neurospheres also 

factor (bFGF) stimulates proliferation of some rodent offer the prospect of generating mixed populations of 

neural progenitor population (Ullicn and Ccpko, 1992; neural ceU species in a conlroUablc manner. Becawe both 

H B ..r. ,oo>...^;i,.,.^,v.nH a.strocytes (Raff etal, 1985; Richardson etal., 1988) and 

neuroiw (Barres and Raff, 1993; Hardy and Reynolds. 
1993) have been implicated in oligodendroglial migration 
and differentiation and may also influence myelination, 
this could benefit uansplantKlerived remyelination. A$ 
well as advantages of manipulabiliiy and in vitro expand- 
ability, thc'w cells provide a multipotential, proliferation- 
competent pool from which differendated populations 
may ariisc in response to environmental cues. Implanta- 
tion of small donor populations could tildmaicly assist in 



Richards et al., 1992; Ray and Gage 1 994; Kilpatnckand 
Banlctt, 1995; Vescovl et al.. 1993) and has been 
implicated in oligodendroglial proliferations and inhibi- 
tion of differentiadon or population reversion to more 
immature phcnotypcs in both rat (Bogler et al., 1990; 
McKinnon et al., 1990) and human models (Armstrong et 
al., 1992; Gogaie el al., 1994). Il could well have similar 
effects in the canine system, in which bFGF (5-100 
ng/ml) may increase proliferation in canine oligodcndrog- 
lial-cnrichcd cultures (Hoffman and Duncan, 1995). Se- 



quential grovrth factor mixnires could enhance first maintaining lifelong re-servoini from which CNS cell 



popuJaiioa^ may be renewed through endogenous or 
cxtcrDally manipulaicd cnvironmcnial signals. 



pivHfcmtion then differentiation of canine neural progcai 
lor cells. 

Myelin deficiency naay activate compensatory 
mechanisms. Even when these arc insufficient to override 
effects of endogenous myelin gene mutations, the environ- 
ment may nonetheless express factors favoring oUgoden- 
dTOgenesis and myelinogenesis by transplanted cells. 
Neurospheres generated rayelinogcnic oligodendrocytes 

when transolanied into \hc md and furthermore, .rw»w rvtru 

rSt^rv^sphtre-derivcdcellSKurvivcdnotunlyin .sions. This study was supported by a grant from Cyto- 
neonatal but also in the adult sh pup. Thus the adult Therapeuucs. 
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ABSTRACT Remyelination of Tocal areas of the central 
nervous system (CNS) in animals can be achieved by trans- 
plantation of glial cells, yet the source of these cells In humans 
to similarly treat myelin disorders is limited at present to fetal 
tissue. Multtpotent precursor cells are present In the CNS of 
adult as well as embryonic and neonatal animals and can 
differentiate into lineage-restricted progenitors such as oli- 
godendroglial progenitors (OPs). The OPs present in adults 
have a different phenotype from those seen in earlier life, and 
their potential role in CNS repair remains unknown. To gain 
insights into the potential to manipulate the myelinating 
capacity of these precursor and/or progenitor cells, we gen- 
erated a homogenous culture of OPs from neural precursor 
cells isolated from adult rat subependymal tissues. Phenotypic 
characterization indicated that these OPs resembled neonatal 
rather than adult OPs and produced robust myelin after 
transplantation. The ability to generate such cells from the 
adult brain therefore opens an avenue to explore the potential 
of these cells for repairing myelin disorders in adulthood. 



Remyelinalion of the central nervous system (CNS) in patients 
where host remyelination fails or where the endogenous 
myelinating cells are genetically impaired may be achieved, at 
least focally, by glial cell transplantation. It has been assumed 
that human fetal brain will be the only viable source of 
myelinating cells for human transplantation, because oligo- 
dendroglial progenitors (OPs) derived from embryonic ani- 
mals have a greater capacity for myelination than mature cells 
after transplantation (1,2). However, the availbility of human 
fetal tissues remains a practical and ethical concern, and it 
would be preferable if the neonatal or adult human brain could 
be used as a source of myelinating cells. It has been established 
that OPs are present in adult human brain (3). Such cells have 
also been described in patients with multiple sclerosis (4) and 
in rodents with chronic experimental allergic encephalomyeli- 
tis (5). Despite their presence in chronic multiple sclerosis 
lesions, remyelination may be inadequate (6, 7), and either 
exogenous myelinating cells must be targeted to lesions or host 
cells must be recruited to aid in repair. 

Two types of OP [also designated in vitro as oligodendrocyte 
type-2 astrocyte (02A) progenitor] exist in the CNS; the 
neonatal OP (OZA**""***) that appears in the rat postnatally 
and disappears about 6 weeks after birth, and the adult OP 
(02A«*"f') (8, 9). The 02A-<*"". which is identified by the mAb 
04 in situ and iVi vitro, has a phenotype that distinguishes it 
from its neonatal counterpart. The most thoroughly charac- 
terized 02A***"** cells are those isolated from adult rat optic 
nerves, although similar cells are found in other parts of the 
CNS such as the spinal cord (10). Unlike the 02Ap^""*'»*, the 
02A"**"'* does not express the intermediate filament vimentin 
or a ganglioside recognized by the mAb A2B5. The 02A 
cells also have a longer cell cycle time (65 ± 18 h) and are less 
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motile (4 ± 1 /^m/h) than 02Ap<="'*"»** (9). These characteris- 
tics suggest that they would only have a limited capacity to 
remyelinate demyelinated areas of the brain. In fact, it is not 
yet known whether these cells produce myelin in vivo, for 
example, after transplantation. 

The OPs are generally thought to be derived from multi- 
potent neural precursor cells or early progenitor cells in the 
CNS. Neural stem cells, which can give rise to both neurons 
and glia, have been found in the CNS of both embryonic and 
mature animals (11, 12). Gonal analyses suggest that the stem 
cells from adult CNS are similar to those of embryonic origin 
(11). At least, these adult stem cells can differentiate into 
neurons, astrocytes, and oligodendrocytes in vitro. It is not yet 
known whether adult stem cells differentiate into 02A 
directly. 

We have been studying the transition from multipotent 
precursor cells to lineage-restricted OPs and have shown that 
it is possible to generate a large number of self-renewing OPs 
from neural precursor cells derived from embryonic and 
neonatal brain (13, 14). Because multipotent stem cells exist in 
adult CNS, we sought to explore whether the OPs derived from 
adult neural stem or precursor cells have the capacity for 
extensive myelination. If this were proven in the rodents, a 
similar approach could provide cells for transplantation or 
suggest means for the induction of endogenous progenitors to 
enhance host repair in humans. 

MATERIALS AND METHODS 

Cell Culture. The neural precursor cells in suspension 
culture ("neurospheres") were prepared from subependymal 
striata of Wistar rats aged 3 and 16 months according to a 
protocol detailed previously (13, 15). The culture medium was 
DMEM/F-12 (1:1) supplemented with insulin (25 /ig/ml), 
transferrin (100 ^g/m\), progesterone (20 nM), putrescine (60 
/xM), and sodium selenitc (30 nM). The above medium, 
referred to as "neurosphere medium," was supplemented with 
20 ng/ml human recombinant epidermal growth factor (EOF) 
or EGF plus 20 ng/ml of basic fibroblast growth factor (bPGE^ 
(Collaborative Biomedical Products, Bedford, MA). In the 
initial week of culture, B27 (GIBCO) was added to the above 
medium. The cultures were incubated in a humidified atmo- 
sphere of 5% C02/95% air with a partial medium change 
every other day. 

The B104 neuroblastoma cells were cultured according to 
Louise/ aL (16), and the conditioned medium (B104CM) was 
collected and filtered after 3 days of conditioning the B104 
cells with serum-free "neurospherc medium." 

BrdUrd Incorporation Assay. The coverslip cultures were 
incubated in 10 /zM BrdUrd (Sigma) for various periods (see 



Abbreviations: CNS. central nervous system; OP, oligodendroglial 
progenitors; 02A, oligodendrocyte type 2 progenitor; EGF, epidermal 
growth factor, bFGF, basic fibroblast growth factor, MBP, myelin 
basic protein; GFAP. glial fibrillary acidic protein; PLP, protcolipid; 
DIV. days in vitro. 

*To whom reprint requests should be addressed, e-mail: zhangs@svm. 
vetmed.wisc.edu. 
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Results), fixed in acidic cthanol, and immunostained with 
anti-BrdUrd antibody (Amersham Pharmacia) at a dilution of 
1:10» followed by fluorescein-labeled secondary antibody. For 
cell cycle time estimation, the cultures were exposed to BrdUrd 
for a period of 0.5, 1, 3, 5 and up to 16-24 h. The BrdUrd- 
labeled cells and the total cells stained with Hoechst were 
counted under a fluorescent microscope. The percentage of 
the labeled cells was plotted against the lime the cells were 
pulsed, and the cell cycle time was estimated according to the 
graphic method of Sasaki et al (17). 

Assay of Cell Migration. A single sphere was plated onto 
omithine-coated 35-mm dishes in a drop of medium. After the 
sphere attached (10-15 min), 1.5 ml of medium was added 
gently. Only the samples with successfully attached sphere and 
without floating cells were followed at 4, 8, and 24 h postplat- 
ing. The outgrowth of the sphere was examined under the 
phase-contrast microscope, and the images were photo* 
graphed and stored in a computer. The longest distance from 
the edge of a sphere to the cell body in each quarter of the 
outgrowth was measured and the average distance of cells 
moved out of a single sphere at specific time points was 
calculated (13). At least 8 spheres were followed throughout 
the period of each individual experiment, and the experiment 
was repeated twice. 

Immunocytochemistry. Free-floating spheres or coverslip 
cultures were immunolabeled with fluorescein-tagged second- 
ary antibodies (Jackson ImmunoResearch) according to the 
procedure detailed previously (13). The following primary 
antibodies were used. Monoclonal antibody anti-nestin (IgG) 
was a supernatant of mouse hybridoma rat401 (diluted 1:5). 
provided by Developmental Studies Hybridoma Bank (The 
Johns Hopkins University, Baltimore). A2B5 was a culture 
medium of mouse hybridoma clone 105 (American Type 
Culture Collection, CRL-1520. used at 1:100 dilution). 04 and 
Ol (both were IgM) were provided by M. Schachner. Anti- 
myelin basic protein (MBP, mouse IgG, 1:100) was from 
Boehringer Mannheim. Anti-vimentin (mouse IgG) and anti- 
An-lubulin (rabbit IgG) were purchased from Sigma (1:100). 
Polyclonal antibodies anti*glial fibrillary acidic protein 
(GFAP, 1:200) was purchased from Dako. and anti-platelct- 
derived growth factor receptor a (PDGFRa, 1:100) was from 
Santa Cruz Biotechnology. 

Transplantation of Oligosphere Cells. The oligospheres 
were triturated into single cells and were then concentrated to 
50.000 cells per microliter. One microliter of cell suspension 
was transplanted into the spinal cord of postnatal day 6-8 
myelin-deficient {md) rats according to the procedure de- 
scribed (13, 18). The injection site was marked with sterile 
charcoal before the incision was sutured. 

Twelve to fourteen days after transplantation, the recipient 
rats were anesthetized with pentobarbital (i.p.) and perfused 
with 4% formaldehyde. The spinal cord was dissected and the 
white streak representing myelin made by the transplanted 
cells was measured. The spinal cords were then trimmed for 
immunostaining with anti-proteolipid protein (PLP, a gift 
from I. R. Griffiths. University of Glasgow) or for resin- 
embedding as described (13, 14). 

RESULTS 

Estabh'shment of OP Cultures from Adult Rats. The OPs 
were generated from neural precursors by using the approach 
described (13, 14). In the present study, cultures of neuro- 
spheres were initiated from subependymal striata of adult 
Wistar rats (aged 3 and 16 months). When cultured in the 
presence of EGF and absence of substrate, scattered phase- 
bnght cells were found among debris at 4-7 days in vitro 
(DI V). These few cells grew into spheres in the subsequent 2-3 
weeks. These spheres were triturated into single cells and 
expanded in the presence of EGF alone or EGF plus bFGF. 



Expanded neurosphere cells were immunopositive for nestin 
(Fig. 1 a and 6), an intermediate filament protein mainly 
expressed by stem or precursor cells (19). When plated on 
poIy(omithine)-coated covcrelips in the presence of 1% FBS 
but the absence of EGF or bFGF, the neurosphere cells 
migrated out and differentiated into a mixture of mainly 
astroglia (GFAP+) with flattened cell bodies and thick pro- 
cesses and some oligodendrpglia (04+). Some spheres also 
contained neurons that were >Sni-tubulin+ (data not shown). 
The neurospheres were triturated into single celb and pas- 
saged in neurosphere medium with the presence of EGF and 
bFGF. These observations suggest that neurosphere cells arc 
undifferentiated neural precursor cells, similar to those iso- 
lated from embryonic and neonatal striatum (13, 14). 

To generate OPs from neurospheres, we gradually changed 
the EGF-containing medium to B104CM-containing medium 
by replacing one-fourth of the former medium with the latter 
medium every other day. During the transition period (1-2 
weeks), the number and size of spheres did not increase. This 
is similar to the phenomenon observed in the neurosphere 
cultures from neonatal rat (13). By week two, the size and 
number of spheres began to increase. Three to four weeks 
later, the cultures were passaged in medium containing 
B104CM (30%) but no EGF or bFGF by plating 1 X 10^ cells 
into a 75-cm2 flask. New spheres with various sizes formed in 




Ftc. 1. A neurosphere (from 1 6-month-old rat) grown in the 
presence of EGF immunostained with nestin indicated that all celb 
were ncstin+ («). b shows the phase-contrast image of a. (c) Ucw 
spheres were generated from disaggregated oligosphere cells. (J) 
Disaggregated oligosphere cells displayed bipolar or tnpolar morphol- 
ogy in the presence of B104CM. (Bar ~ ICQ ^m.) 
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1 week (Fig. Ic). When Ihe spheres were iriluraled inlo single 
cells and plaled onto omithine-coated coverslips, all cells 
displayed bipolar or tripolar morphology, typical of 02A 
progenitors (Fig. \d). Therefore, the spheres were now re- 
ferred to as "oligospheres." a term that was first used by 
Evercooren and colleagues (24). Similar results were obtained 
when generating oligospheres from neurospheres that were 
derived from both 3-month- and 16-monlh-old rat brains by 
using the same protocol. 

Antigenic Exprwsion ofOligosphere Cells. The 02Ap*^""*"* 
displays a bipolar morphology and is positive for A2B5, 
whereas the 02A»**"'* is unipolar and 04+ (9). In contrast to 
the 02A"**"'* previously derived from the adult optic nerve, all 
oligosphere cells exhibited bi- or tripolar morphology and 
expressed vimentin, A2B5, and PDGFR a (Fig. 2 a-c) when the 
oligospheres were disaggregated and cultured on omithine- 
coated coverslips at a density of 1 X 10^ per coverslip in the 
presence of B104CM. These cells were negative for 04 (Fig. 



2d). Within a week, the cultures were confluent. Similar results 
were obtained when the cclk were cultured in the presence of 
both PDGF (10 ng/ml) and bFGF (20 ng/ml) except that they 
did not reach conf luency until about 10 DiV. When the cells 
were cultured in the presence of PDGF alone with addition of 
PDGF every other day for 7 DIV, many cells were still bipolar 
or tripolar (Fig. 2e) and the majority were positive for A2BS 
(90.9 i 2.4%; n = 5),vimcntin, and PDGFRa. Asmall number 
of cells (5.2 ± 3.0%; n = 5), however, became multiprocess- 
bearing and 04 + . In addition, some cells were round without 
processes. These round cells were positive for A2B5 and 
vimentin but negative for 04, similar to those seen in the 
presence of B104CM. 

Differentiation of Oligosphere Cells. The OlA*^"^ cells 
differentiate more slowly than their neonatal counterparts (9). 
To assess the potential and speed of differentiation, oligo- 
sphere cells were cultured in the medium consisting of DMEM 
and 0.5% FBS. The cultures were immunostained with 04, Ol, 
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Fig. 2. The oligosphere cells cultured on omiihinc-coatcd coverslips in the presence of B104CM were positive for vimentin (fl), A2B5 (6), and 
PDGFRtf (c) but negative for 04 (rf). In the presence of PDGF alone for 7 DIV, the oligosphere cells were largely bipolar or tripolar. There were 
also round cells (arrowheads) and a few multiprocess-bearing cells (arrows) (e). In the presence of 0.5% FBS for 2 DIV, all cells were 04+ (/) 
and many cells were Ol + (g). At 7 DIV, cells were MBP+ (A). In the presence of 10% FBS. almost all cells were positive for GFAP (i) and A2B5+ 
0). 1 ncubation of the culture with BrdUrd for 20 h indicated that the majority of ceUs were labeled in the nuclei (yellow in k). All cells were A2B5 -l- 
(red in k). (0 A single sphere plated on omithine<oated dish in the presence of B104CM for 24 h shows that bipolar cells migrated out of the sphere. 
The nuclei of cells in (/-A) were stained with 4',6-diamidino-2-phcnylindolc (DA PI). (Bar « 100 /zm.) 
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and anli-MBP antibodies, which recognize progressively later 
developmental stages of oligodendroglial lineage. At 2 DIV, 
virtually all of the cells were 04 + (Fig. If). At the same time. 
57.5 ± 4.4% {n = 6) of the cells were already Ol +, although 
the staining was mainly in the cell bodies and main processes 
(Fig. %). At 3 DIV, the majority of cells were 01+. At 5-7 
DI V. most cells were positive for MBP, displaying membrane- 
like structures (Fig. 2h). In the presence of high concentrations 
of FES (5-10%). the majority of cells were flattened, with 
star-shaped processes, and expressed both GFAP (Fig. 2/) and 
A2B5 (Fig. 2/). Similar results were obtained when oligosphere 
cells of passage 4 or 12 from both ages were examined. 

Proliferation Potential. When 1 X 10* oligosphere cells were 
plated in the presence of 30% B104CM, (8.8 ± 1.2) X 10* (n = 
3) cells were obtained in 7 DI V. A similar number of cells were 
generated when oligosphercs from passage 2-12 were exam- 
ined. The oligosphercs could also be expanded in the presence 
of PDGF plus bFGF, although the yield was lower. 

The cell cycle time for oligosphere cells in the presence of 
B104CM was estimated by using the graphic method described 
by Sasaki (17). The phase of DNA synthesis was deduced as 
6.8-8.4 h from the linear regression of BrdUrd incorporation 
over incubation time (based on three independent experi- 
ments). The total cell cycle time was estimated to be about 20 
hours. Incubation of the cells with BrdUrd for 20 h led to 
'*'92% of the cells labeled with anti-BrdUrd (Fig. 2k) 

To assess the proliferation potential of oligosphere cells in 
response to growth factors, oligosphercs (passage 4 and 10) 
were triturated and cultured for 3 days on coated coverslips in 
the presence of B104CM (30% vol /vol). bFGF (20 ng/ml), 
PDGF (10 ng/ml), and PDGF plus bFGF. The cultures were 
then exposed to BrdUrd for 4 h. and the incorporation of 
BrdUrd into nuclei was assessed. Without the presence of 
B104CM or above growth factors, cells differentiated into 
oligodendrocytes (01+) and did not incorporate BrdUrd. In 
the presence of B104CM or growth factors, cells incorporated 
BrdUrd into their nuclei. The highest percentage of cells 
incorporating BrdUrd were the cells treated with B104CM 
(46%). followed by bFGF plus PDGF, bFGF, and PDGF 
(Table 1). This pattern of growth response of oligosphere cells 
is similar to that of 02Ap^""»'*> cells in response to growth 
factors (20, 21). 

To examine whether a single cell can renew itself and 
regenerate an oligosphere, a single sphere cell was plated in 
each well of a 96-well plate containing 200 /d of B104CM 
(30%)-containing neurosphere medium (13). After 7 days, the 
plates were reexamined, and the wells containing sphere(s) 
were marked. The percentage of the cells able to generate new 
sphere(s) was «29% (32/111), The clonally expanded cells 
retained the same potential to differentiate into oligodendro- 
glia or type-2 astroglia in vitro (see above). Similar results were 
obtained when a single cell was plated into omithine-coated 
96-weil plate except that the generated cells did not form a 
sphere (data not shown). 

Migration of Oligosphere Cells. After the oligosphere at- 
tached, individual cells migrated out of the sphere within 1 h. 
At 4 h post-plating, cells were found surrounding the whole 
sphere. The migration velocity was calculated based on the 
average distance of cells moving away from the sphere at 4, 8, 
12, and 24 hours post-plating. Migration velocity was 25 ± 5.4 
MTn/h (n = 10) in the presence of B104CM and 13.5 ± 1.7 



Table 1. BrdUrd Incorporation by oligosphere cells 





PDGF 


bFGF 


PDGF/bFGF 


B104CM 


BrdUrd+, 9i 


7 29.5 ±2.84 


34.2 ± 2.27 


36.9 - 3.25 


46 ± 4.13 



BrdUrd + cells and total cells were counted in four optic fields of 
each covcrslip. Each group consisted of at least four coverslips. Total 
cell counts in each group were 3300-3,965. The data were from the 
experiment wiih passage 4 cells derived from a 3-momh-old rat. 



Mm/h (n = 8) in the presence of PDGF (10 ng/ml) for 
oligosphercs (passage 8) derived from the 3-month-old rat. 
Cells migrating out of the sphere were bipolar (Fig. 20- Unlike 
the oligosphere cells derived from neonatal rat, the pattern of 
migration was not ahvays radially oriented. Similar results were 
obtained when spheres from the 16-month-old rat (passage 6) 
were examined. 

Myelination Potential by Oligosphere Cells. Oligosphere 
cells of passage 8 from a 16-month-old rat and passage 4 and 
12 derived from a 3-month-old ral were transplanted into the 
spinal cords of 24 md rats. Twelve to fourteen days after 
transplantation, a white streak, of average 4 mm (3.0-6.5 mm) 
in length, was present in the dorsal column of the spinal cord 
of the md rat, which is otherwise semitranslucent because of 
the lack of myelin (Fig. 3a). A white streak of 3.9 ^ 125 mm 
(n - 7) formed by cells of passage 4 and 3.8 * 1.5 mm {n = 
8) formed by cells of passage 12 that were both derived from 
the 3-monlh-old rat. When cells (passage 8) from the 16- 
month-old rat were transplanted, a white streak of 4.2 ± 1.0 
mm (rt = 9) formed. There was no difference in the degree of 
longitudinal spread of transplanted cells and myelination by 
cells from both ages or cells from passage 4 and 12. A cross 
section of the spinal cord indicated that the white patch 
occupied most of the dorsal funiculus. Immunostaining of the 
spinal cord sections indicated that the myelin sheaths formed 
by the transplanted cells were positive for PUP (Fig. 3 ft) as well 
as for MBP (data not shown). The host spinal cord lacks 
PLP-positive myelin because of a mutation in the PLP gene 
(22). although PLP-f oligodendrocytes were detected in 
freshly prepared tissues (Fig. 3b), Toluidinc blue-stained semi- 
thin sections (1 /zm) confirmed that the majority of axons in the 
dorsal funiculus were myelinated (Fig. 3c). There was no 
obvious difference between the samples with cells from dif- 
ferent ages in terms of the amount of myelin that are present 
in the transverse section. 



DISCUSSION 

The major finding of this study is that the adult brain can be 
used as a source of CPs with the 02AP«""»** phenotype and 
that these cells can be propagated extensively to generate a 
large number of progenies that maintain their myelinating 
potential. If similar approaches were feasible in humans, it 
would be possible to generate large numbers of cells by ex vivo 
manipulation with growth factors, before transplantation. 
Similarly, it raises the possibility that such cells might be 
induced to expand by in vivo growth factor application and be 
recruited to target areas of demyelination in the human brain. 

Oligosphere Cells Derived from Adult Brain Resemble 
02Ap*^*-'*' Cells. OlAP^^'*^ cells can be isolated and ex- 
panded from neonatal rodents by using growth factors or 
conditioned media when the cells are in peak proliferation 
(23-25). We have explored alternative means of deriving such 
cells from multipotential neural precursor cells isolated from 
neonatal (13) or embryonic rat brains (S.-C.Z., unpublished 
data) by analogy to the hematopoietic cell lineage develop- 
ment (26). Because multipotential precursor cells exist in the 
CNS of adult (11, 15) as well as in embryonic stage (12), it is 
possible that OPs may be generated from adult CNS precursor 
cells as well. Therefore, the establishment of a homogeneous 
population of OPs from adult neural precursors was not 
unexpected. However, that all of the cells were positive for 
vimentin and A2B5 but negative for 04 contrasts with the 
antigenic phenotype of the 02A as isolated directly from 
adult rat optic nerves (9). More importantly, the oligosphere 
cells proliferate much more vigorously and differentiate and 
migrate faster than the 02A"*"" progenitors detailed in a 
series of studies performed by Noble and colleagues (9, 
28-30). Therefore, the OPs from adult neural precursor cells 
resemble neonatal rather than adult 02As isolated directly 
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Fig. 3. Transplantation of oligosphcrc cells from a 16-month-old rat into md rats. Twelve lo fourteen days later, a white streak of myelin was 
seen along the dorsal surface of the cord (a). The black dots are sterile charcoal marking the injeaion site. The space bar on top represents 1 mm. 
(6) Immunostaining of the transplanted cord showed PLP+ myelin in the dorsal funiculus with some myelin also appeared in the gray matter. Other 
areas of the spinal cord showed no PLP-t- myelin except the PLP+ cell bodies, (c) Semithin sections stained with toluidine blue demonstrated that 
the dorsal funiculus was occupied by a large number of myelin sheaths, inset is the enlargement of the boxed area in c. (Bar ~ 100 fotu) 



from rat optic nerves. This conclusion is further supported by 
the antigenic expression and proliferation potential of oligo- 
sphere cells when ihey were cultured in the presence of PDGF 
instead of B104CM, a culture condition similar to that under 
which ceils were characterized (9. 27). It should be 

noted that the population expansion does not parallel the cell 
cycle time of oligosphere cells. This is mainly due to eel! death 
after mechanical disaggregation and death within spheres. The 
slower migration in the presence of PDGF alone is potentially 
accounted for by the techniques used and the growth factors 
present. Small et ai (27) measured the distance a cell moved 
(in all directions) directly by time-lapse cinematography. We 
could only measured the linear distance away from the sphere. 
In the presence of B104CM, the adult oligosphere cells mi- 
grated in a similar velocity as neonatal oligosphere cells (13). 
This result suggests that adult oligosphere cells are similarly 
motile to neonatal oligosphere cells and that factors other than 
PDGF also contribute to the migration of CPs. This is further 
supported by the similar extent of myeltnation by transplanted 
adult oligosphere cells as by neonatal oligosphere cells (13) or 
by the CG4 oligodendroglial progenitor cell line (18). 

Oligosphere Cells Are Derived from Neural Precursor Cells. 
The 02A*'*"** are derived from their neonatal counterparts (29, 
31) and may regain the neonatal phenotype temporarily under 
certain circumstances, such as in the presence of both bFGF 
and PDGF (30» 32). Is the generation of neonatal-type OPs in 
the present study attributable to B104CM converting the adult 
OPs into neonatal progenitors? Our finding does not support 
this possibility, because the source cells (neurospheres) are 
nestin+ and the replacement of B104CM with PDGF in 
oligosphere cell cultures does not lead to the expression of the 
02A"**"'* phenotype. We have attempted to generate oligo- 
spheres directly from (mechanically and enzymetically) disso- 
ciated adult (S-month-old) rat brain and optic nerves by using 
B104CM. The resultant culture contained floating cells that 
survived for up to 2 weeks in suspension but did not proliferate 
(data not shown). A recent observation also indicated that 
B104CM did not enhance the proliferation of purified 02A 
progenitors (31) or convert the 02A to 02Ap*=""»*»' (B. A. 



Barres, personal communication). B104CM is a potent mixture 
in selecting and propagating 02AP*"'***"* in culture (23-25). It 
may be speculated that some 02AP*"''***' are selectively ex- 
panded by B104CM in the present study. The presence of 
02AP^"""*' in the adult CNS was reported based on their 
bipolar morphology and A2B5 positivity in a mbced culture 
(33). However, when the mixed glial cultures were irradiated, 
no 02AP*="""*' developed (34), implying that in that study, 
02AP* cells were being generated de novo from A2B5- 
negative preprogcnitor cells that were also present in the 
cultures. In a purified culture system, the 02A cells from adult 
(2-month-old) rat optic nerve displayed bipolar morphology 
and were immunoreactive to A2B5 (31), similar to those 
reported by Ffrench-Constant and Raff (33). Yet they had a 
very slow turnover rate (cell cycle time around 3 days), 
characteristic of 02A cells. In our preparation of neuro- 
sphere cultures, these rare 02Ap*""*'*' (if they arc present) 
would be unlikely to survive in the condition without substrate 
and survival factors such as PDGF for a long lime ( >4 weeks). 
Our previous study (13) indicated that EGF is not a survival 
factor for OPs in suspension cultures. Our failure to generate 
oligospheres directly from dissociated adult brain and optic 
nerves suggests that either there are no OZA**""*'*' present or 
such cells do not survive the procedure and culture condition. 
Therefore, the cells used for generating OPs are unlikely to 
contain cells that are already in the oligodendroglial lineage. 
Thus, the present study extends our previous argument that 
factors in B 104 CM may induce neural precursor cells to 
commit to oligodendroglial lineage while at the same time 
maintain the OPs in a state of self-renewal (13). 

Multipotent Neural Precursor Cells as a Source for Remy- 
elination. The generation and extensive propagation of the 
neonatal type of OPs from the adult rat brain has an important 
impact on the design of strategies for promoting remyelination 
in vivo. In the first instance, as we show here, it may be possible 
to similarly derive progenitor cells of the neonatal phenotype 
from the adult human brain for transplantation. Extensive 
animal studies suggest that transplantation of myelinating 
cells, especially their progenitor cells, may be an effective 
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approach (1, 2, 36, 37). In clinical human trials, however, cell 
availability becomes a problem if the cells are to be obtained 
from a source other than the patient. Al present, human fetal 
tissues are the only source of immature neural cells. However, 
there are long-term practical and ethical concerns on the 
availability of such tissue, including stringent safety concerns. 
Here we show that it is possible to generate a large number of 
OPs from a small source of tissue in the rodent brain. A similar 
approach may be possible by biopsy from the human brain with 
ex vivo conversion of neural precursors to OPs with subsequent 
expansion. Such transplantation would therefore be autolo- 
gous and obviate the need for immunosuppression. 

The alternative approach is to recruit endogenous OPs to 
instigate repair. Cells that are responsible for remyelination in 
adults are mainly dividing "progenitor cells" (38, 39). The 
04+ multiprocess-bearing celb that are iregarded as the 
02A***"'* in vivo have been found in the CNS of normal and 
(myelin) diseased animals and humans (4, 5, 40). The apparent 
lack or limit of remyelination in terms of the universal exis- 
tence of 04+ 02A"**"*' suggests that either the environment or 
the cells* intrinsic properties (or both) is responsible. In the 
presence of (lysolecithin-indueced) demyelination, retrovirus- 
labeled proliferating progenitors failed to migrate even a short 
distance (<500 /xm) over a period of 4 weeks to perform 
remyelination (38). Such a poor migration behavior may be 
intrinsic to the multiprocess-bearing 02A***"'* rather than due 
to the nonpermissive environment, because transplanted neo- 
natal OPs migrate a long distance and myelinate axons in 
dysmyelinated adult CNS (1, 36). Neuronal progenitors can 
also migrate a long distance from subependymal area to 
olfactory bulb in adult environment (41). In a separate study 
by Keirslead et al (39). 02A»**"»' (identified by NG2 labeling) 
adjacent to focally demyeltnated lesions decreased in number 
with time and were not mitotic, and they suggested therefore 
that the 02A***"** are inherently incapable of regeneration (39). 
Therefore, strategies designed to simply increase the number 
of 02A*'*"**, such as by delivering PDGF into the CNS (35), 
may not be effective. An alternative avenue to this strategy, 
therefore, is to promote the in vivo regeneration of the 
02AP*=""**** from host neural precursors or stem cells, in a 
similar fashion as suggested by the present study. Such cells are 
present in subependymal areas of the adult CNS and can 
differentiate into neurons and glia (11), therefore close to 
commonly affected areas in multiple sclerosis (6). The motility 
of 02AP*""*'** might also indicate their ability to migrate to 
other parenchymal sites. The key to the application of these 
strategies in humans will be the identification of growth factors 
that have the biological effects both in vitro and in vivo on these 
precursor cells. 

This work is supported by National Institutes of Health Grant 
NS33710. 
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Limited experimental access to the central nervous system (CNS) is a key problem in the study of 
human neural development, disease, and regeneration. We have addressed this problem by generating 
neural chimeras composed of human and rodent cells. Fetal human brain cells implanted into the cere- 
bral ventricles of embryonic rats incorporate individually into all major compartments of the brain, gener- 
ating widespread CNS chimerism. The human cells differentiate into neurons, astrocytes, and oligoden- 
drocytes, which populate the host fore-, mid-, and hindbrain. These chimeras provide a unique model to 
study human neural cell migration and differentiation in a functional nervous system. 

Keywords: stem cell, neural progenitor cclK cell therapy 



DciaiJcd knowledge of the molecular signals controlling human 
precursor cell migration and differentiation is a prerequisite for the 
understanding of human central nervous system (CNS) develop- 
ment. While individual aspects of cell migration and differentia- 
tion arc accessible in vitro, the molecular interactions governing 
these events in a complex system such as the developing CNS can 
be studied onlv in vivo. Data on neural migration and differentia- 
tion in an intact nervous system are particularly important tor the 
design of cell replacement strategies for the treatment of human 
CNS disorders. An experimental model that permits the analysis of 
normal and disease-derived human neurons and glia in an unper- 
turbed nervous system would greatly facilitate the study of human 
CNS development, disease, and repair. 

Self-renewing muliipoicntial neural stem ceils can be isolated 
from both the embryonic and adult rodent brain and generate all 
three major cell types of the CNS'*. Similarly, human neural pre- 
cursors can be cultured in the presence of basic fibroblast growth 
factor (FGF2) and. upon growth factor withdrawal, differentiate 
into neurons, astrocytes, and oligodendrocytes". To analyze the 
properties of human neural precursors in vivo, we have developed a 
transplant paradigm in which human cells are individually incor- 
porated into a xenogeneic host brain without eliciting traumatic or 
immunological reactions. Human donor cells were not implanted 
into the brain tissue but merely deposited in the cerebral ventricles 
of embryonic rats, allowing them free access to large areas of the 
neuroepiiheliunr'. The human donor cells left the ventricle and 
migrated in large numbers into the rat brain where they differenti- 
ated along with the endogenous cells into neurons and glia. We 
propose that this new approach can be used for the in vivo study of 
the biological properties of primary and disease-derived human 
neur.tl precursors as a prelude to the desitrn of therapeutic strate- 
gies for neurodegenerative diseases. 

Results 

Widespread incorporation of transplanted human precursors. 



Human neural precursors isolated from fetal brain fragments 
recovered 53-74 days postconception were transplanted immedi- 
ately or after culture in defined medium containing FGF2 and/or 
epidermal growth factor (EGF), which promote growth of multi- 
potent rodent neural precursors in vitro'*. Cells were cither grown 
as monolayer cultures or propagated in uncoaicd tissue culture 
dishes to form floating spheres* *. In both types of cultures, differ- 
entiation into neurons, astrocytes, and oligodendrocytes could be 
readily induced by growth factor withdrawal'. 

Using intrauterine surgery, human donor cells were grafted into 
the lelcncephalic vesicle of embryonic day (E)17-E18 rats'. The 
transplanted cells were traced by DNA in situ hybridization with a 
human-specific probe to the alu repeat element'^ and immunohisto- 
chemistry with a human-specific antibody to glutaihione-S-trans- 
ferase (GSTn). One to eight weeks after transplantation, recipients of 
acutely dissociated (n= 12) and growth factor-treated preparations 
(n=32) showed incorporated human cells in a variety of gray matter 
regions, including olfactory bulb, cortex (Fig. lA), hippocampus, 
striaium(Fig. IB and 2), septum (Fig. 3C), tectum (Figs. lCand3F). 
thalamus (Fig. 3D), hypothalamus (Figs. 4D-F), and brain stem. 
Human cells were s\-mmetrically distributed in recipient brains 
grafted with single cell suspensions (Fig. 3C). Animals examined 
during the first postnatal week also exhibited small clusters of resid- 
ual donor cells attached to the ventricle walls ( Fig. 3A). Transplanted 
spheres were entrapped in periventricular locations and gave rise to a 
halo of cells that migrated long distances into the host brain (Fig. 
3D). Seven to eight weeks after transplantation, sphere-derived cells 
were found distributed over large areas of the recipient brain (Fig. 
ID-E, 5F, 4A-H. 5b). Both freshly dissociated and cultured human 
neural precursor cells were incorporated into the host white matter. 
Recipient animals killed between I and 7 weeks of age showed abun- 
dant GSTji- positive cells in the major fiber tracts such as the internal 
capsule (Fig. ID), corpus callosum (Fig. ID. inset), anterior and pos- 
terior commissures, stria medullarts, fornix, fimbria, as well as fiber 
tracts in pons and brain stem (Fig. 4G-H). In addition, several rccip- 
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Figure 1 Incorporation of human neural precursor ceMs into the developing 
rat brain visualized by human-specific DNA in situ hybridization (dark 
nuclear labeling), (A-^) Freshly dissociated cells and (D, E) cells jjf "ved Irorn 
T-week.old EGF-gcnerated spheres. (A) cortex (postnatal day [P] 30; inset: 
hybridized nucleus); (B) striatum (P16); (C) interior colliculus (P16); (D) intemal 
capsule {PAS) and corpus callosum (inset); (E) optic nerve (P45). (B). (C). and 
the inset in (D) are counterstained with hematoxylin to visualize host nuclei, 
cc; corpus callosum; so: supraoptic nucleus. Bars = 100 pm (insets: 20 pm). 



ients exhibited prominent accumulations of human cells in the 
optic nerve (Fig. IE). In some animals, the transplanted cells 
replaced large parts of the subveniricular zone (SVZ) ot the 
lateral ventricles. Two months after transplantation, these cells 
appeared to have migrated from the SVZ into the corpus callo- 
sum and adiaccnt cortical and striatal regions (Fig. 2). 
Numerous donor-derived cells were also found in white matter 
and conex of the cerebellum (Fig. 3E). In some instances, the 
transplanted cells accumulated around host blood vessels or 
formed long chain-like structures e.xtending into host gray and 
white matter (data not shown). Thus, human cells, like rodent 
cells""* can engraft at various levels of the ncuraxis following 
transplantation into the ventricle of embryonic hosts. 

In vivo differentiation of human neural precursors. 
During the first 2 postnatal weeks, human donor cells detect- 
ed with the GSTji antibody frequently exhibited uni- or 
bipolar morphologies characteristic of a migratory pheno- 
type with a leading process and a trailing cell body (Fig. 3B). 
Human cells incorporated into the molecular layer of the 
cerebellum maintained immature phenotypcs with radially 
oriented processes for more than 7 weeks (Fig. 3E). At this 
stage, many of the GSTn-labeled human cells in other brain 
regions had acquired multipolar oligodendroglial morpholo- 
gies ( Fig. 3F) and displayed immunoreactivity to an antibody 
recognizing oligodendrocyie-spccific glycolipids (Fig. 
4A-C). In addition, these cells expressed myelin basic protean ' 
(MBP) in both the cell body and within processes extending 
to myelin internodes. suggesting active myelinaiion'* (Figs. 
4D-F). These data are compatible with studies showing 
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Figure 2. Human neural precursors grown for 6 weeks 
as monolayers in EGF- and FGF-containing media 
incorporated into the subventricular zone of the lateral 
ventricle and migrating into corpus callosum (cc), 
striatum (st). and cortex (co). Shown is a 50 pm 
vibratome section through a 7-wcek-old rat brain. Cells 
hybridized with the human a/u probe are labeled with 
red dots, lateral ventricle. Bar = 1 mm. 
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Figure 3. Morphological features of human neural precursors transplanted into the 
embryonic rat brain, visualized with a human-specific antibody to GSTn. (A) Residual 
donor cells attached to the ventricle wall of a 3-day-otd recipient animal. (B) Donor 
cell migrating through the striatal subventricular zone of a neonatal host (C) 
Incorporation of freshly dissociated human donor cells in the septum of a 2-week-old 
host. (D) A human neural sphere grown for 6 weeks in EOF- and FGF-containing 
media incorporated into the thalamus of a 7-weck-old host. (E) GSTji- positive cells 
w^ith immature radial phenotypcs in the cerebellar molecular layer of a P45 animal. (F) 
Donor cells with multipolar oligodendroglial morphologies in the tectum, 8 weeks 
after transplantation of EGF-generated spheres, -ventricles: cc: corpus callosum; p: 
pial surface. (A, B, E. and F) immunoperoxidase; (C-D) immunofluorescence. Bars s 20 
pm (A, B. E, and F). 1 mm (C). 200 pm (D). 
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stronc GSTn expression in rodent olieodcndrocvics". The presence 
of huinan olieodcndrocvies was confirmed bv immunohiMOchem- 
ical deieciion ot ihc mvciin protein 2\3*-cvciic nucleotide 5 -phos- 
phodiesierase (CNP) in cells hvbridized with iht olu probe (Figs. 
4G and H ). Some of the donor cells appeared to torm CNP-posiiive 
sheaths around host axons (Fig. 4H). Although there arc presently 
no antibodies thaiAvould distinguish human trom rat CKS myehn. 



these patterns or MBP and CNP expression suggest that the trans- 
planted human olicodendrocxtes myelinate host axons. 

Human astrocytes incorporated into the rat brain were identi- 
fied bv double labeling of hvbridized cells with an antibody to glial 
fibrillary acidic protein (GFAP; Fig. 5A and B). These cells were 
also immunorcaciive to an antibody to human adrcnolcukodystro- 
phy protein (ALDP)» a peroxisomal protein strongly expressed in 




Figure 4. Human oligodendrocytes derived from transplanted (A-C, G-H) EGF- and 
(0-F) EGF/FGF2-generated spheres incorporated into the brain of 7-week-old rats. 
(A-C) Donor (arrows) and host (arrowheads) oligodendrocytes in the cortex, double 
labeled with antibodies to QSln (A and C: green) and 04 (B and C: red). (D-f) 
Human oligodendrocyte incorporated in the host hypothalamus, coexpressmg 
GSTn (D and F: green) and MBP (E and F: red). (G-H) Human oligodendrocytes in 
fiber tracts of the ventral brain stem, hybridized with the human alu probe (black) 
and double labeled with an antibody to CNP, which is also staining several myelin 
intemodes (G, brown). Arrow in (H) indicates CNP sUining around putative adjacent 
axons. (A-F) immunofluorescence confocal laser microscopy; (G-H) 
immunoperoxidase. Bars=20 pm (A-f), 10 pm (G and H). 



Figure 5. Astrocytic differentiation of the Uansplantcd cells. 

(A) Hybridized human cell exhibiting radial GFA«>-positive 
processes in the tectum of a 3-day-old recipient (B) Human 
astrocyte with a stellate morphology in the tectum of a 7- 
week-old host, double labeled by in situ hybridization and 
an antibody to GFAP. Cells arc derived from (A) FGF2- and 

(B) EGF-generated spheres. (C) ALDP expression in a 
human astrocyte in the ventral telencephalon, 18 days after 
transplantation of an FGF2-expanded monolayer culture 
into the ventricle of an El 8 rat Bars = 20 pm. 
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Figure 6 Human neurons incorporated into the rat brain. <A) An individual neuron, hybridized with the a/u probe (black) 

a human-specilic antibody to neurofilament (hNF-M: brown) in the cortex ot a 30-day-o.d host gratted w.th tresh^f dissociated huinan P'^cursor 
Lirat E17 (^C) immunohistochemical detection of U-galactosidase-positive human cells in (B) tectum and (C) ^''■^^""^J^^^^-.f^: 
recipients botor cells grown for 4 weeks in defined medium containing 10 ng/ml FGF2 were transduced w.th an "T^"^;''' 'If/, 

gerand transp anted Into E17 recipients. (D) hNF-M-positive human axons at the transition of corpus »"'V"L''/**"',| 
fml^aventriculaMransplantation of y-week-old EGF-generated neural spheres. Bars= 10 pm «A). 100 pm (B). 50 pm (C). and 20 pm (D). 
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human asirocvios ami microelia ( Fiv;. 5C). Asirocvtes with sicllaie 
morphoioeitfs were I'ound in ti;r3y and white maner ot" forebrain. 
midbrain, and cerebellum. In neonatal animals, some ol'ihe donor- 
derived asirocyies exhibited conspicuous radially oriented process- 
es tFiu. 5 A). 

A human-specific antibody to medium-sized neurot'ilament 
(hSF-M)' was used to visualize transplanted neurons (Fig. 6). 
Seven to eight weeks after transplantation, numerous immunopos- 
iiive axonai profiles were detected in the host gray and white matter 
t Fie. 6D). Donor-derived axons were particularly abundant in cor- 
tex and within large fiber tracts such as the corpus callosum and 
the anterior commissure. As the human hNF-M antibody labeled 
mostly axons, it only occasionally allowed the identification ol neu- 
ronal cell bodies (Fig. 6A). In contrast, both neuronal cell bodies 
and processes could be identified arter transplantation of cultured 
cells infected with an adenovirus harboring the lacZ gene, an 
experiment done to explore the feasibility of gene transfer into 
transplanted human cells. Immunohistochemical detection of (5- 
galactosidase showed neurons with polar morphologies and long 
axons incorporated into the host tissue (Figs. 6B and C). p-galac- 
losidase expression was also found in cells with glial morphologies 
in both gray and white matter, although double immunotluores- 
ceni analyses will be required to identify the different t>-pes of 
human cells expressing the transgene. 

Discussion 

Human neural precursor cells implanted into the cerebral ventricle 
of embryonic rats incorporate efficiently into the host brain, gener- 
atinu widespread CNS chimerism. Donor cells transplanted as sin- 
gle cell suspensions or spheres migrate into a variety of telen- 
cephalic, diencephalic, and mesencephalic regions and differentiate 
into oligodendrocytes, astrocytes, and neurons. As in mouse-rat 
neural chimeras^', no signs of rejection were observed up until at 
least 2 months after transplantation, indicating immunological tol- 
erance of the transplanted xenogeneic ceils by the embryonic rat 
brain. The ability to incorporate into a xenogeneic recipient brain 
is maintained after prolonged proliferation of the donor cells in 
defined, growth factor-containing medium. Moreover, donor cells 
transduced in vitro with an adenoviral vector continue to express 
the transgene after incorporation into the host brain. 

Previous studies have shown that human neural precursors 
transplanted directly into the brain tissue of adult immunosup- 
pressed rodents form cell clusters with limited spread of the trans- 
planted cells into the adjacent host brain""''. In contrast, intraven- 
tricular iransplaniaiion into embryonic hosts permits widespread 
delivery of human cells to many brain regions. The widespread dis- 
tribution of the transplanted human cells is similar to the incorpo- 
ration pattern observed after intrauterine transplantation of 
rodent cells^"*". In both cases, the transplanted cells appear to fol- 
low endogenous migratory routes. For example, human precursors 
leaving the ventricle migrated into the optic nerve, where they 
acquired oligodendrogiiai morphologies. This observation is remi- 
' nisccni of the migration of oligodendrocyte precursors rrom the 
third ventricle into the optic nerve *. Donor cells in the SVZ of the 
lateral ventricle migrated into the corpus callosum and adiacent 
cortical and striatal regions ( Fig. 2). similar to the migration of glial 
cells generated posinataily in the rat subventricuiar zone . These 
similarities suggest that donor cell migration is not primarily 
determined by cell-autonomous properties but by guidance cues 
within the host brain. Responsiveness of human donor cells to 
micration cues within a rodent brain implies remarkable conserva- 
tion of these signals across species. 

The SVZ serves as an endogenous source of multipotential 
neural precursors that give rise to neurons and glia throughout 
lite •. The ability to introduce human neural precursors into the rat 



SVZ olTers an interesting perspective for the study ot cell replace- 
ment in the nervous system. Future cell replacement strategies mav 
no longer depend on cell transplantation but focus on the e.xiernal 
modulation of endogenous neuro- and gliogcncsis by gene transfer 
and growth factor deliverr'"*. Incorporation of human cells into a 
rodent SVZ provides a unique opportunity to explore the efficacy 
of these strategies in vivo. 

Our data suggest that many of the human cells leaving the SVZ 
populate the white matter and acquire oligodendrogiiai phcno- 
types (Fig. 2). Following migration, differentiated human oligo- 
dendrocytes express the myelin proteins MBP and CNP and form 
CNP-positive sheaths around host axons, suggesting myelin forma- 
tion (Fig. 4H). Transplants into myelin-deficient mutants will 
dcicrminc the exact amount and distribution of human myelin 
within the host brain"'. Thus, the model described might be used 
and adapted in various ways to study the mechanisms of myelin 
repair in human demyelinating diseases*'. As these diseases affect 
large areas of the CNS. repair of myelin by transplantation would 
require widespread delivery of oligodendrocytes to the host brain. 
So far. oligodendrocyte transplants have been generally performed 
as intraparenchymai grafts, resulting in successful yet spatially 
restricted remyciination in a variety of animal models*"*. The strat- 
egy presented here can be exploited to optimize widespread 
remyelination in demyelinating diseases. Initially, this approach 
will be particularly relevant to the question of myelin repair in 
human leukodystrophies occurring in the perinatal period". 

Combined with gene transfer into the human donor cells, this 
chimera model will permit the study of molecular mechanisms reg- 
ulating human neural migration and differentiation in a function- 
al brafn. Alternatively, human donor cells can be introduced into 
embrvos of transgenic mice overexpressing factors known to pro- 
mote precursor cell migration and differentiation. Such a strategy 
can be used to assay the effect of trophic factors on human neural 
cells in a live nervous system. These studies should be particularly 
useful for the design of cell replacement strategics as well as for 
probing the efficacy of gene transfer protocols in the human CNS. 
The lack of traumatic and reactive alterations in the chimeric 
brains could make this approach a useful tool for the in vivo analy- 
sis of neural cells obtained from patients with neurological dis- 
eases. Incorporation of affected cells into an unperturbed nervous 
svstem may provide new insights into the cellular pathogenesis ot 
these diseases and serve as a model to assay the effects of pharma- 
ceutical agents on human neurons and glia in vivo. 

Experimental protocol 

Dissociaiion of human donor cells. Human tfial brain specimens xvcrc 
obtained wiih consent of the mothers from the Birth Defect Research 
Laboratory, Unlverjiiv of Washington. Scaiiie f supported by NIH/NICHD 
grant HD 00836. IRB number 26-0769-A). Cerebral fragments cleaned in 
sterile conditions and shipped overnight in hibernation buffer* typicallv 
vielded cell preparations with a viability of SO-95%. Eleven specimens, 
obtained between 53 and 74 days postconcepiion. were used for this siudv. 
Tissue fragments were washed five times in calcium- and magnesium-trce 
Hanks' buVfered salt solution (CMF-HBSSi and mechanically triturated to 
single cell suspensions in the presence of O.Po trypsin and 0.1% DNAse 
(Worihin«ton. Freehold. Nl). 

Cell culture. Human neural precursor cells were grown in defined medi- 
um containing DMEM/FU (Ufe Technologies, Rockville, MD). glucose, elu- 
tamine. sodium bicarbonate. 25 Mg/ml insulin tlntergen. New YorkK 100 
^g/ml human apo-transterrin tlniergen). 20 nM progesterone tSigma it- 
Louis. .\lO). !06 mM puirescine (Sigmai. 30 nM sodium seleniie iSigmai. 
penicillin/streptomycin. 10-20 ne/ml FGF2 and/or 20 ng/ml EGF (R&D 
Svstems. .Minneapolis, MN). Monolayer cultures were propagated for l-» 
weeks in tissue culture plates coated with t'lbronectin (Life Technologies: I 
pg/ml) or polvorniihin (Sigma: 1.5 pg/mh. Cells were passaged mcchanicaiiv 
using a ceil scraper. Immediately prior to transpbniJtmn. cells were triturat- 
ed in the presence of 0. i% DNAse. Neural spheres were generated by jErowmg 
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dissociated cells up u, 7 weeks in uncoa.ed tissue culture pbtes as described^ 
Bo h pes of cuhures vie.dcd abundant proliJerattnu cells that expressed 
„ nn. an .n.ermedia.c f.lament ,^•p.callv .ound ^'""""'Velir 
"'o ,h factor Kuhdrawal. monolaver cultures ana Pla.ed Spheres d.f ren,.- 
^ ed into neurons. as.roc> .es. and oligodendroo.es express.nj the cell tvpe- 
spccn ant.«ns P-Ul tubulin. GFAP. and 04. '"P""-'^ «.VH. unpub- 
ished obseriattons,. Growth .actor treatr^en. was continued ""'■ 'he da> 
beL transplantation. Selected monolaver cultures P^'"? '° "^J 
FGF2 v.ere infected w.th an adenoviral vector carrvmc the /«Z eene under 
control of the cvtomepalov.rus immed.ate-eariv promoter. Startmg 24 h 
be^re transplan.at.on. subcon.luent 10 cm plates were •"^"ba, d m > ml 
Ldium containing 1.5x10- pfu of concentrated v.ral supernatant, 
^mediately pr.or xo transplantation, cells were washed three t.mes m CMF- 
HBSstnd harvested bvlncuba.ionin0.05%tr>TS.n.Followmg.ncubat 

"ovbean trvpstn inhibitor .Life Technolog.es). cells were brteflv .r.tura.ed .n 

'''„C:e"i^.Tn^^l'r:ution. Timed pregnant Sprague-Dawlev rats 
,E,7-E,8. were anesthet.zed with ketamtne-HCl ,80 -^j;^' -J^'^ 
(10 mc/kgl. and 0.25-1x10 cells (suspended tn 1-. ^1 ^"f-"^ ^^.V" 
inieced imo the telencephalic vesicle of each embryo as 
were sedimcnted at 1 30 G lor 3 mm. washed several times in CMF-HBSS. and 
.mplanted using a glass capillarv with a 200 orifice ,20-.-.0 »Ph"« P" 
redpient brain .. Larger spheres were mechanical.v fragtriented prior to trans- 
plantation. In contrast to recipient ammais grafted w„h mouse cells 
human.rai neural chimeras showed a high rate oi mortality wtihin the first . 
postnatal davs (30-10%1. Incorporated cells were found in 3 1 ol 44 analyzed 
recipient brams transplanted with acutelv dissociated cells (n= 12: eight pos- 
itive), monolaver tn = 13; 11 positive., or sphere cultures , n = 19; 1 . posimel. 

lmmunohis.ochemi«tr>-. Zero to seven weeks aner spontaneous birth, 
recipients were anesthetized and perfused with 4% para.ormaldehyde in 
phosphate-buffered saline (neonatal animals .!'>■ jl":,'"""""^ 

Serial 50 pm vibratome sections were characterized with antibodies to GFAP 
U-lOO; ICN Biomedicals. Costa Mesa. OA. and 1:500; Sternberger 
Monoclonals. Baltimore. .MD). human f'"'f '''"' S;'"";'""' ' 
Biotrin. Dublin), human ALDP ( 1;400). phosphorylated medmm molecular 
weigh, human neurofilament (done HOH. 1:50). CNP ( 1:200- Sigma). 04 
„:5. Boehrincer Mannheim. Indianapolis. IN). MBP ,1^00; Boehrmger,. 
and P-calactosidase (1.500; 5Prime3Prime. Boulder. CO). Antigens were 
visualiz'ed usinc appropriate .luorophore or peroxidase-coniuea.ed sec- 
ondary antibodies. Specimens were examined on Zeiss Axioplan. Axiovert. 
and User Scan microscopes. ... .. j 

In situ hvbridization. Donor cells were idemii.ed using a digoxigenin end- 
labeled olittonudeotide probe to the human ..... repeat element . DNA-DNA 

in situ hvbridization was performed as described . Briefly, sections were treat- 
ed with 25 Mpml pronase .n 2x SSC. 5 mM EDTA for 15 mm at 3. C. dehv- 
dra.ed. and denatured in 70% formamide. 2x SSC for 1 2 mm at 8^ C Alter 
dehydration in cold ethanols. sections were hvbridized overnight at 3. C m 
63% formamide. 2x SSC. 250 pg/ml salmon sperm DNA. \^=ashes were dO% 
formamide. 2x SSC (20 min. 3rO. and 0.5xSSC (U mm. 37 CI. 
Hybridized probe was detected using an alkaline phosphatase-coniugated 
antibody to digoxigenin ( Boehringer ). 
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respond to developmental cues, replace 
neurons, and express foreign genes 
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t.. «i noural stem cells (NSCs) have been Isolated from the human fetal telencephalon. 

These seVe^^wi^^^oTes?^^ 'T^'"' t ome^t" 

Lto nerminarzres of the newborn mouse brain they participate in aspects o. normal development^ 

M o«H itro ranable of exoressinq foreign transgenes in vivo. Supporting their gene xnerapy 

NSC transplantation for a range of disorxJers. 

Keywords: cell therapy, progenuor cell, gene therapy. Tay-Sachs disease, transplanation. differentiation 



Neural stem cells (NSCs) arc primordial, uncommiticd cells posiu- 
laied to give rise to the arrav of more specialized cells of the central 
nervous svsiem {CNS)* '. They arc operationally defined by their 
ability (1)' to differentiate into cells of all neural lineages (i.e., neu- 
rons— ideailv of multiple subtypes, oligodendroglia, astroglia) in 
multiple regional and developmental contexts; (2) to self-renew do 
give rise to new NSCs with similar potential); and (3) to populate 
developing and/or degenerating CNS regions. The demonstration 
of a monoclonal derivation of progeny is obligatory to the definition 
(i c.. a single cell must possess these attributes). With the earliest 
recognition that rodent neural cells with stem cell properties, prop- 
agated in culture, could be rcimplanted into mammalian brain 
where ihev could reintegrate appropriately and stably express for- 
eign genes'*^'*, gene therapists and neurobioloeisis began to specu- 
late how such a phenomenon might be harnessed for therapeutic 
advantage as well as for understanding developmental mechanisms. 
These, and the studies they spawned (reviewed in rcfs. 14-16), pro- 
vided hope thai the use of XSCs might circumvent some limitations 
of presently available graft material" and gene transfer vehicles'' and 
make feasible a variety of therapeutic strategics. 

Neural cells with stem cell properties have been isolated from 
ihc embryonic, neonatal, and adult rodent CNS and propagated in 
vitro by a variety of equally effective and safe means— both epigc- 
netic (with mitogens such as epidermal growth factor [EGFr or 
basic fibroblast growth factor IbFGF)'*"" or with membrane sub- 
strates') and genetic (with propagating genes ' such as vmyd*^ or 
large T-antigen ( T-A^V)- Maintaining NSCs in a proliferative state 
in culture does not subvert their ability to respond to normal 
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developmental cues in vivo following transplantation (such as the 
abilitv to withdraw from the cell cycle, interact with host cells, and 
differentiate"). These extremely plastic cells migrate and differen- 
tiate in a lemporallv and regionally appropriate manner particu- 
larlv following implantation into germinal zones. Intermingling 
nondisruptivcly with endogenous progenitors, responding simi- 
larlv to local cues for their phenotypic determination, and appro-' 
priaielv differentiating into diverse neuronal and glial types, they 
participate in normal development along the rodent ncuraxis. In 
addition, they can express foreign genes in vivo••^ often m widely 
disseminated CNS regiony^^, and are capable of neural cell 

replacement'. . l j u 

The presumption has been that the biology that endows such 
rodent cells with their therapeutic potential is conserved in the 
human CNS. If true, then progress toward human applications 
mav be accelerated. We demonstrate the potential of clones of 
human NSCs to perform these critical functions in vitro and in 
vivo in a manner analogous to their rodent counterparts. 

Results and discussion -rw i 

Isolation, propagation, and cloning of human NSa. The isola- 
tion, propagation, characterization, cloning, and transplantation 
of NSCs from the human CNS mirrored strategies used for the 
murine NSC clone C17,2 (propagated following transduction of a 
constitutiveiv downregulated vmyc^') and for growth factor- 
expanded murine NSC clones . NSCs-^ven genet ical^- propagai- 
ed clones-^— require molecules like bFGF andVor EOF m serum- 
free medium to divide Therefore, this dual responsiveness was 
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chosen for both screening and enriching a starting popula..on of 
Mable. dissociated, cultured prirnary human neural tissue lor cells. 
Cells dissociated from human fetal lelenccphalon-part.cular y the 
ventricular zone, which has been postulated to harbor On lower 
mammals, a rich NSC population -were initially grown as a poly- 
clonal population first in serum-supplemented and then in serum- 
free medium containing bFGF and/or EGF. Cells were transterred 
between media comaining one or the other of the mitogens to 
select for dual responsiveness. Some populations were then mam- 
tained in bFGF alone for subsequent manipulation and c oning; 
others were used for retrovirally mediated transduction of v-myc 
and subsequent cloning. .u- 
To provide an unambicuous molecular tag for assessing the 
clonal relationships of the cells, as well as to facilitate identification 
of some cells following transplantation and to assess their capacity 
to express exoeenous genes in vivo, some bFGF propagated sub- 
populations were infected with an amphotropic replication- 
incompetent retroviral vector encoding lacZ (aijd nco for selec- 
tion) Single resistant colonies were initially isolated by limiting 
dilution. Monoclonalit>- of the cells in a given colony was then con- 
firmed bv demonstrating the presence of only one copy of the 
/ncZ/MfO-encodim; retrovirus, with a unique chromosomal inser- 
,ion site. In clone H 1 . for example, all /acZ/neo-positivc cells, had a 
single, common retroviral integration site indicating that they were 
derived from a single infected "parent" cell (Fig. lA). 

In rodents, genes (such as v-mycand T-Ag) that interact with cell 
cvde regulatory proteins have been used to propagate NSCs . neur- 
al proeenitors". and neuroblasts'"-, resulting in engraftable rodent 
NSC clones that can be manipulated and have therapeutic poten- 
tial" Therefore, some of the bFGF-maintained human cell popula- 
tions, enriched for NSCs. were infected with an amphotropic. repli- 
cation-incompetent retroviral vector encoding v-myc and .ie«r 
yielding multiple colonies. All of the putative clones had only one 
unique retroviral insertion site, demonstrating their monoclonality 
(Fi5 IB). Five clones (H6. H9. DIO. C2. and Ell) were generated 
and maintained in serum-free medium containing bFGF. - 

Mullipotencv and self-renewal in vitro. In uncjated dishes and 
in serum-tree medium supplemented with bFGF. all clones grew in 
culture as clusters that could be passaged weekly for at least 1 year 
(Fiu lA) The cells within these clusters expressed vimentin. a 
neural progenitor marker By dissociating these clusters and plat- 
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Figure 1. Southern blot analysis of retroviral insertion into human 
NSC clones. (A) Genomic ONA from clone HI (propagated in bFGF 
and transduced with a retrovirus encoding lacZ and neo) digested 
with Hind in (cuts once within the provirus) and incubated with a 
radiolabeled neo probe. The murine NSC clone C^7J2 contains two 
integrated proviruses encoding neo—. DaOY is an uninfected human 
meduloblastoma cell line. (B) Genomic DNA from clones H9. H6 DIO. 
and C2 (propagated in bFGF and/or EGF and *"<ected with a 
retrovirus encoding vmyc) were digested with BglU or BamHI (cuts 
once within the provirus) and probed for v-myc. C17.2 contains one 
v-myc-encoding provirus. 



inu thtm in serum-contnining medium, these clones d.fferennnied 
sponiancouslv into neurons and olicodcndrocyies (Fijis. 2B and 
C). Aher 5 davs under these differcmiatinc- conditions, 90% ot the 
cells in all clones became immunoreaciivc for the neuronal marker 
neurof.Umeni (NF; Fig. 2B); \0% expressed CNPase, a tor 
olieodcndroclia (Fie 20. Mature astroglia contammg glial fibril- 
larv acidic protein (GFAP) were not initially observed, even atter I 
month under these culture conditions. However. GFAP production 
could be induced bv coculiure with primary dissociated embryon- 
ic murine CNS tissue (Fig. 2D), in addition to cells cxprcssmg the 
variety of differentiated lineage-specific markers (establishing 
"muli'ipotenc\'*'), each clone gave rise to new immature vimcntm- 
positive cells (Fie. 2E). which could, upon subsequent passage, give 
rise to new cclls%xpressing multiple differentiated neural markers 
as well as to new vimcntin-positivc passageable cells (i.e., self- 
renewability"). All the clones, whether genetically modified or epi- 
gcneticallv maintained, were similar in vitro. 

AbUirv' to cross-correct a genetic defect. To assess their poten- 
tial as vehicles for molecular therapies, we compared the ability of 
human NSCs to complcmem a prototypical genetic defect to 
murine NSCs\ The neurogenetic defect chosen was in the a-sub- 
unit of p-hexosaminidase, a mutation that leads to hex- 
osaminidase-A deficiency and a failure to metabolize GM: gan- 
gliosidc to GM. (Tav-Sachs disease (TSDl). Pathologic GM, accu- 
mulation in the brain leads to progressive neurodcgeneraiion The 
ability of human NSCs to cross-correct was compared with that ot 
two established murine NSC clones: C17.2 and a subclone of 
C17.2 (C17.2H) engineered via retroviral transduciioii of the 
human a-subunii gene to overexpress hexosaminidase^. These 
murine NSC clones secrete functional hexosaminidasc-A". A 
transgenic mouse with an a-subunit deletion" permiiicd exami- 
nation of the abiliiv of human NSCs to secrete a gene product 
capable of rescuing TSD neural cells. NSCs (murine and hurnan) 
were cocullured with dissociated TSD mouse brain cells from 
which thev were separated by a porous membrane that allowed 
passage ofhcxosaminidase but not cells. After 10 days, the mutant 
neural cells were examined: ( 1 ) for the presence of hexosaminidase 
activitv (Fiji. 3A-C, and M); (2) with antibodies to the a-suburtit 
and 10 CNS cell type markers to determine which TSD neural cells 
internalized corrective gene product (Fig. 3D-L); and (3) tor . 
reduction in GM. storage (Fig. 3N). While there was mmimal 
intrinsic hexosaminidase activity in TSD cells cultured alone (Fig. 
3 A), hexosaminidase activity increased to normal intensity when 
the cells were cocultured with murine or human NSCs (Fig. 3B 
and C). The extent of human NSC-mediated cross-correction 
matched the success of murine NSCs, yielding percentages of hex- 
osaminidase-posiiive TSD cells significantly greater than m 
umreatcd controls (p<0.01) (Fig. 3M). All neural cell types from 
the TSD mouse brain were corrected (Figs. 3D-L). The percentage 
of TSD CNS cells without abnormal GM. accumulation was sig- 
nificantly lower in those exposed to secretory products from 
human NSCs than in untreated TSD cultures (p<O.Ol ). approach- 
ing those from wild-type mouse brain (Fig. 3N). 

Mullipotencv and plasticity in vivo. We next determined 
whether human NSC clones (whether epigenetically or genetically 
propaeated) could respond appropriately to normal developmental 
cues in vivo, which include migrating appropriately; miegratmg 
into host parenchyma; and differentiating into neural cell types 
appropriate to a civen region's stage of development, even it that 
stage is not the one in which the NSCs were obiaincd.yMthoucn 
there are many approaches for testing these qualities^* *, we used 
paradigms similar to those we have used with murine NSCs to 
assess their developmental abilitv'^. When murine NSC clones arc 
implanted into the cerebral ventricles of newborn mice, the cells 
engrail in the subventricular germinal zone (SV2)" and follow the 
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established pnihways used by cndoccnous progenitors, cither 
migraiinc along the rostral migratory stream 1 TmMS) to the olfacto- 
ry bulb (OB), becoming neurons , or migrating into subcortical 
and cortical regions ( where gliogencsis predominates and neuroge- 
nesis has ceased) becoming'oligodendroglia and astroglia *. When 
transplanted into the germinal zone of the neonatal mouse cerebel- 
lum (the external germinal layer |EGL1). these same NSCs migrate 
inward and differentiate into granule neurons in the cmergmg 
internal granule cell lavcr (IGL)-. Following intraventricular 
implantation, human NSC clones emulated the developmenially 
appropriate behavior of their murine counterparts (Fig. 4 and 5). 
The engraftment. migration, and differentiation of cpigcnetically 
perpetuated clones were identical to that of v-myc perpetuated 
clones. Three of the five v-myc clones engrafted well (Table 1). 
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Figure 2. Characterization of human NSCs in vitra (A) NSCs grov*n in 
serum-free medium. Immunostaining for (B) the neuronal marker 
neurofilament or (C) the oligodendroglia marker CNPase in serum- 
containing medium. (D) Immunostaining for the astrocyte marker 
human GFAP upon coculture with primary n'.urine CNS cultures. (E) 
Immunostaining for the immature neural marker vimentin at transfer 
to serum-containing medium. 
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Figure 3. Dissociated brain cells from mice with mutated a-subunit of 
(J-hexosaminidase (Tay-Sachs disease) cocultured with human 
NSCs. (A-C) Hexosaminidase activity determined by NASBG 
histochemistry. (A) TSD neural cells (arrows) not exposed to NSCs. 
TSD cells exposed to secretory products from (B) murine NSC clone 
C17.2H or from (C) human NSCs. (D-L) TSD cells cocultured with 
human NSCs immunostained with a (D-F) fluorescein-labeled 
antibody to the human a-subunit of 0-hexosaminidase and (G-l) with 
antibodies to neural cell type-specific antigens. (G) Neuronal- 
specific NeuN marken (H) glial specific GFAP marker and (I) 
precursor maker, ncstin. (J-L) Dual filter microscopy of the a-subunit 
and cell-type markers. (M) Percentage of ^-hexosaminidase positive 
TSD cells; -/-: TSD a-subunit-null cells; TSD cells exposed to 
secretory products from C17.2'i- murine NSCs: C17.2H+: murine NSC 
engineered to overexpress murine hexosaminidase; ♦human: human 
NSCs. (N) GM, accumulation in TSD cells; labels as in (M); +/+: wild- 
type mouse brain. 




Figure 4. Migration of human NSCs following engraftment into the 
SVZ of newborn mice. (A.B) Human NSCs 24 h after transplantation. 
(A) Donor-derived cell (red) interspersed with (B) densely packed 
endogenous SVZ ceils, visualized by OAPI (blue) in the merged 
image. (C) Donor-derived cells (red) within the subcortical white 
matter (arrow) and corpus catlosum (c) and their site of implantation 
in the lateral venlicles (LV). Arrow indicates the cell shown at higher 
magnification within the inset. (D) Donor-derived cell migration from 
the SVZ into the rostral migratory stream (RMS) leading to the 
olfactory bulb (OB), in a crcsyl-violet counterstained parasagittal 
section; gl: glomerular layer pl: plexiform layer m: mitral layer; gr: 
granular layer. Scale bars: 100 pm. (E) Higher magnification of area 
indicated by the arrow in (D). Brown staining indicates BrDU- 
immunoperoxidase-positive donor-derived cells. 
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Figur« 5. Charactcrixation of human NSC clones in vivo 
follovnng cngrattmcnt into SVZ of neonatal mice. (A-C) 
LacZ-expr«ssing donor-derived cells from human NSC 
done HI detected with (A,B) Xgal and v»rith (C) anti-p- 
galactosidase v«thin (A) the periventricular and subcortical 
vtfhite matter regions and (B.C) OB granule layer. The anrovirs 
in (A) indicate the lateral ventricles. (I>-G) BrdU-labeled 
NSCs (clone H6) implanted into the SVZ at birth identrfied in 
the OB v^ a (O) human-spccific NF antibody and by (E-G) 
BrdU ICC via confocal microscopy. (E) BrdU-positive cell 
visualized by fluorescein; (F) anti-NeuN* antibody 
visualized by Texas Red; (G) same cell visualized by dual 
filter. Donorwderived clone H6 in the adult subcortical white 
matter double-labeled with (H) an oligodendrocyte-specific 
antibody to CNPase and (I) BrdU. The arrowhead in (H) 
indicates a cytoplasmic process extending from the soma. 
(J) Donor-derived astrocytes (clone H6) in the adult 
subcorUcal white matter (indicated by the arrow) and 
striatum following neonatal intraventricular implantation, 
immunostained with a human astrocyte-specific anti-GFAP 
antibody. Inset is higher magnification. (K-Q) Expression of 
v-myc by human NSC clone H6 (K-N) 24 hours and (O-Q) 3 
weeks following engrattment in the SVZ. (K,M,0) DAPI 
nuclear stains of the adjacent panels (UN,P), 
immunostained for v-myc and (Q) immunostained for BrdU- 
positive donor-derived cells. (O) is same as (P), Scale bars: 
(A and K): 100 pm; (D and E): 10 ym; (O): 50 pm. 



Human NSCs intc^jratcd into the SVZ within 48 h followin| 
implantation (Fies. 4 A and B. 5K-K). As with endogenous SVZ 
proEcniiors, cngrarted human NSCs migrated out along the sub- 
cortical white rnaiicr bv 2 weeks following engrafimem (Fig. 4C). 
and, bv 3-5 weeks had appropriately differentiated into oligodcn- 
drocvies and astrocytes (Fig. 5 A and H-D- The ready detection of 
donor-derived astrocytes in vivo (Fig. 51) contrasts with the inuial 
absence of mature astrocytes when human NSC clones were main- 
tained in vitro in isolation from the in vivo environment (Fig. 2D). 
Signals emanating from other components of the murine CN5 
appear necessary for promoting astrocyte differentiation and/or 
maturation from multipotent cells. 

Endogenous SVZ progenitors also migrate anteriorly along the 
RMS and differentiate into OB interneurons ^ By 1 week following 
transplantation, a subpopulation of donor-derived human cells 
from the SVZ migrated along the RMS (Fig. 4D and E). In some 
cases, these cells migrated together in small groups (Fig. 4E), a 




Figure 6. Transplantation of human NSCs into granule 
deficient cerebellum. (A^) Donor-derived cells (clone H6) identified 
in the mature cerebellum by anti-BrOU immunoperoxidasc 
cytochemistry (brown nuclei) following implantation into and 
migration from the neonatal mea EGL. (A) The internal granule cell 
layer (IGL and arrowheads) within the parasagittal section of the 
cerebellum. (B) Higher magnification of the posterior lobe indicated 
by -b- in (A). (C-G) Increasing magnifications of donor-derived cells 
within the IGL of a mea anterior lobe (different animal from IA,BJ). (G) 
Normarski optics: residual host granule neurons indicated by 
arrowheads, representative BrDU positive donor-derived neuron 
indicated by the arrow. (H) Colabeling with anti-BrDU (green) and (I) 
NeuN (red) indicated with arrows. Arrowhead indicates 
BrOU-^/NeuN- cell. (J) Fluorescent in situ hybridization of cells within 
the IGL using a human-specific prot>e (red). Scale bars: (A and B): 
100 pm; (F. G. and J): 10 pm. 
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Tabte 1. Human neural stem cetl clones. 


Clone 


Propagation technique 


Engrattable 


HI 


bFGF 


« 


H6 


v-myc 




H9 


v-/nyc 




Ell 


v-myc 




. D10 


v-myc 




' C2 


v-myc 





S-^Fie 5D). bul. when sections through the OB were reacted 

Identical neuraxis to determine their plasiiicity. 

at the opposite end of the '^^"^l^ ° ^^-^s of newborn 

IGL (Fig. 6A-1). .p.,, 2,_,u engraftable human 

Thcrclorc, in vivo — as in vitro \ris- «»»» 5 
NsJ c ones gave rise to cells in all three fondamental neuran.n^ 
...,«n< (Fi« 5D-G and 61. oligodendrocytes (Fig. 5H and 
n^'^LTcttes (Fie^) Not onlv did .ransplamed brains look 
l^^tdoSv^o S cells migrated and integrated seam- 
SvSost p "nc^^ yielding no discernible gratt marg.ns . 
but eng afted animals exhibited no indications of neurolog.c dys- 
?uS Thus, structures that received contributions Irom donor 
>,Mr«^n MSCs aoDcarcd to have developed normally. 

ThS ^st clones engrafted well, two appeared to engratt 
1 S.. n Nevertheless, in vitro these clones displayed char- 
.o .hose of the more robustly 
actenstics ostensiblv equivalent multipotency in 

:r do?s t"necJssaXnns.ate .n'.o equivalent potential in 
vivo suggesting that each clone should be individually tested This 
obTe'rvaS also suggests that transplantation of mued polyclonal 
populates, becau!! of their shifting representations ot various 

n-.^^tVa^s';"^^ 

needs reqCire that donor cells express foreign genes widely ^i ^ 

seminated locations' (in ^'d^^'Tj^''^'"* J!/^^^^^^^ 
anatomically restricted regions"). Murine f ^ Jones^h^^^^^ 
. capacitv^-. Human NSCs appear similarly capable. A 

"ve retrovirallv transduced. /«Z-express.ng clone (Fig. aA-C) 
con. nu«d to produce p-galactosidase after migration .o. and s a- 
We integration and maturation wi.hin. host parenchyma a. distant 
^ites in the mature animal. 

spontaneous constitutive downregulation of v-myc expres- 
sion.Tthe case of genetically manipula.ed human NSC clonesahe 
propagating gene product vmyc is ""^"""We in dono hurn an 
cells bevond 24-18 h following engrattmen. (Fig. sK-Q) despi.e 
,he fac. .ha. the brains of .ransplan. recipients con.am numerous 
st3Wv en.raf.ed. heal.hy. well-differen.iated. nondisrup ive. 

or-derived cells (Figs. 4. 5A-1 and Q. and ^Mden.Kal fm^^^^^^ 
have been observed with v-myc-propaga.ed murine NSC .lones in 
which v-uvc downregulation occurs cons.i.u.ively and sponta- 
«uslv a^d correl^ «he .vpical quiescence o. engraned cells 



• u- lA-iA h Dos..ransplan.ation. These observations suggest 

rw«Tmvc1s regu'S d bvL normal developmental mechanisms 

that ^;'">''^" "f"'"'" doeenous cellular myc in CNS precursors 

that ;;^;;'Sor differen.ia.ion. The loss of v-myc 

during '""°"^";«' ;;^„fted NSCs following .ransplan.ation is 
expression .rom s.aWy er^gr ^ .^^^^^ ^^^^^ ^^^.^^^ ^^^^ 

m,^^^^^^^^^ NSCs. even after several years in 
'Z?" AS wUh m'ouse NSCs. neoplasms are never seen using 

Neur'lueil replacement in vivo. Neurologic mouse mutants 

Thev possessed the definitive size, morphology, and location of 
lerebellar granule neurons (Fig. 6E-G). identical to ^^'^Jr'''l^; 
.a. endogenous m.^^^^^^^^^^ 

:fTurnT;i^ni':rcSrSw^ 

Son (FISH), using a butttan-specific chromosomal prob^^^^^^^^^ 
The neuronal ph^n.^^^^^^^^^^ 

STF^g 6^ antl) as n the OB. endogenous interneurons in 
ThrrCL si^tlarly express NeuN. Thus. -S^^cd NSO ^^^^^^^^^ 
oriein appear sufficiently plas.ic to respond »PP~P"«' ^ '7"^, 
?nT»o"U"« 'in"8« determina.ion; recall that «he dono 
human cells were not initially derived from a postnatal brain or 
from a cerebellum. Furthermore, human NSCs -ay be capable of 
appropriate neural cell replacement, much as "^"""^ ^SCs are ^ 
vShile manv gene therapy vehicles depend on «'!;^"5 "'3" = 
information through established neural .='^^-"7''';;^^„^;^^ 
fac. have deijenerated-NSO may par.icipa.e in the recons.itu 

U suggests that invcs.iga.ors mav 'if "^J^^^^^^^^^ 

serves their needs. Insights Irom studies ol NSCs P"P^t"";° °- 

one s ra.«y mav be legUima.ely io.ned .o those <i"^^fjll^^^^ 
ies using others, providing a more complete picture of NSC biology 

and its applications. 

Experimental protocol suspension of 

E3.,esN.«lium.DMEM. . F. 2 medium . l.U «H'pl<me^^^^^ ^ 
urn lOibco. Grand UUnd. NY) .o wh.ch '''';'^f^^lZlZnJS<^-*ry 5 
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davs. Cell »«8rcea.« wcc dissociated in ,ryps.n-EDTA 10 05% when >10 
cell diameters .n sue and ttrl^ied in growth medmm at 3x10 cclWml. 
Differentia..n6Col.„recondi.ions.D.ssoc.a.edNSCsw„epl3.edo^^^^^^^ 

: .lysine. (PLLl-coa.ed .lides .Nunc. Naperv.lle. ID m DMEM 10% fetal 
bovine serum ( FBS) and processed weekly for immunocytochem.Mry (ICC). 
,n most cases, differentiation occurred spontaneously. For astrocytic ma.ura- 
„on. clones were cocultured with primary dissociated embryonic CD-I 

"* "Retrovilus^mediated jtene transfer. Two xenotropic. replicaiion-incompe. 
«nt retroviral vectors were used to infect human NSCs. A vector encoding 
locZ was similar to BAG^ except for the PC 13 xeno.rop.c envelope. An 
amphoiropic vector encoding v.mvewas generated using the ecotrop.c vector 
dSbedL venerating murine NSC clone C 1 Uef. 20) .0 tnfec. the CP * 
envAMi: am^hotropic packaging line'". No helper virus was prodttced 
Infection of bFGP. and/or EGF m.intained human neural cells with either 
vector (4 X 10- colony-forming units) was as described-". 

Cloning of human NSCs. Cells were dissociated, diluted to I cell/1 5 m1 and 
plated at 15 ul/well of a Terasaki or 96- well dish. Wells with single cells were 
immediately identified. Single-cell clones were expanded and maintained tn 
bFGF-con.aining growth medium. Monodonality was confirmed by identi- 
fvine . sincle and identical genomic insertion si.e by Southern bio. analysis 
for ;.iher'ihe /«Z- or the v-myc-encoding provirus m all progeny as 
described-. The v-myc probe was generated by nick translation labeling with 
• P dCTP: a probe to the nro sequence of the /ac2-encoding vector was gener- 

aied bv PCR using -P dCTP. 

Crvopreservation-Trypsinized human cells were resuspended 'n> freezing 
solution comprising 10% dimethyl sulfoxide. 50% FBS. and 40% bFCF-con- 
taininc growth medium and brought slowly .o-140*C. 

Cross-correction of mu.ation-induced p-hexosaminidase deficiency. The 
murine NSC clones C17.: and C17.:H (ref. 22) were maintained m similar 
serum-free conditions as the human cells. NSO were cocultured in a .ran- 
swell system with primarv dissociated neural cultures" from the brams of 
either wild-.ype or a subunit null (TSD) neonatal mice" . These ctilttires 
were prepared under scrum-tree conditions, plated onto PLL-coaied glass 
coverslips. and maintained in the medium described for NSa. To assess pro- 
duction of a secretable eene product capable of rescuing the mutant pheno- 
type NSCs (murine and human) were cultured on one side of a membrane 
with 0.4 um pores (sufficient to allow passage of hexosaminidase but no. 
cells) The membrane was immersed in a well at the bottom of which rested 
the coverslip. After 10 daxi. coverslips were examined lor hexosaminidase 
activity: for expression of the a-subunit in cells of various CNS lineages: for 
reduction in CM. storace. Hexosaminidase activity was assayed by standard 
his.o.hemical techniques using the substrate napthol-AS-BI-N-acetyl-p-.t- 
clucuroniside (NASBC) : cells stain increasingly pink-red m direct propor- 
; lon to their enivme activity. NASBG staining of dissociated wild-type mouse 
brain cells served as a positive control for both intensity of normal staining 
and percentage of NASBG-positive cells (- 100%). Neural cell «yP« ;»"e 
identified bvkc with antibodies to standard markers: lor neurons. NeuN 
( I- too- gifi of R. Mullen. Chemicorp. Temecula. CA): for astrocytes. GFAP 
(I-500- Sigma. St. Uuis. MO); for oligodendrocytes. CNPase (1:500: 
Sternbercer Monodonals. Baltimore. MD): and for immature undifferentiat- 
ed prosenitors. neitin (1:1000: Pharmingen. San Diego. CA). The a-suburiit 
of huiiian (3-hexo$aminidase was detected with a specific antibody". Cells 
were assessed for dual immunoreactivity to that antibody and to .he cell type- 
specific antibodies to assess which TSD CNS cell types had internalized 
, enzyme from human NSCs. Intracytoplasmic CM. was recognized by a spe- 
cific antibodx'". . 

Transplantation. For some models, each lateral ventricle of cryoanes- 
thetized postnatal dav 0 (PO) mice was iniected as described ' with 2 ►.I of 
NSCs suspended in phosphate buffered saiine (PBS) (4x10- ccIIs/mI). For 
other models. 2 pi of ihc NSC suspension were implanted into the ECU of 
each cerebellar hemisphere and the vermis as described". All transplant 
rccipienis and uniranspiantcd control.i received daily cyclosporin 10 mg/kg 
pvcn iniraperiionejily (.Sandoz. East Hanover. Nl) beginning on day of 
ir3n.<ipian.. COI and wca mouse colonies are maini.iined in our lab. 

Detection and characterization of donor human NSCs in vivo. Brains of 
iransplanied mice were l"ixed and cr>-osectioned as dcscrilvd " at .icrial lime 
points: I'l. P2. ami wevklv through 5 weeks ol ace. Prior to iraiisplanlation. 
»ome human eell-N were iransJuced with hcZ. lo control .or ami circumvent 
liu- ri>k oi tran-NCeiie Jimnrecuiaiion. celis were also prclalKlcil either by in 
viiro exposure w BrUU 120 \xM. 4S h prior to iransplaniatioiw and/or with 
tlx- ooiulilliisiWe viial nuoresccnt mcnVprane dvc \'KU-2b i immediately 



prior ,0 transplantation as per Sigma protocol.. Engrafted cells were^ n 
detected, as appropriate, by Xgal histochemistry-: by 'CC with an ibr^ es 
,«.nst p-gaiactosidase- (1:1000. XXX. Durham. NC ■ BrDU (1:1(^. 
B.Khrin«r. Indianapolis. IN), human-specific NF (1:1 0: »-•"."?"). 
and/or human.specific GFAP (1:200: S.ernberger Monoclon.ls): by FISH 
usine a diMxieenin-labeled probe complementary .0 regions of the cen- 
tromere presem uniquely and specifically on all human chromosorrtes 
(Oncor.Gaithersburg. MD); and/or by PKH-26 If 
Texas Red ITRl filter), with nondiffusibility having been verified for NSCs. 
Cell type identity of donor-derived cells was also established as necessary by 
dual staininn with antibodies to neural cell type-specific markerr. anli-NF 
(1-250: S.eriiberger) and an.i-NeuN (1:20) to identify neurons; anti-CNPase 
(1-200-1:500) to identify oligodendrocytes: and anti-CFAP (1:150) to identi- 
fy astrocytes. Immunoslaining used standard procedures" and a TR-coniu- 
gaied secondary amibody (1:200: Vector. Burlingaine CA). 
Immunoreactivity to human-specific antibodies also used standard proce- 
dures and a fiuorescein-conjugated antimouse IgC secondary antibody 
(1-200- Veaor). To reveal BrDU-imercalated cells, tissue sections were first 
incubated in 2N HCl (37'C for 30 min). washed twice in O.J M sodium 
borate buffer (pH 8.3). washed thrice in PBS. and permeabil.zed before expo- 
sure to anii-BrDU. Immunoreactivity was revealed with either a fluorescein- 
coniugated ( 1:250: lackson. West Grove. PA) or a bio.inylated ( 1:200: Vector) 
secondary antibody. V-myc expression (unique to d"""' '*'"^'! 
assessed with an antibody to .he protein (1:1000: UBl. Like "acid. NY). To 
visualize cellular nuclei, sections were incubated in the blue fluorescent 
nuclear label DAPl (10 min at 20-C). FISH for the human-specific cen- 
tromere probe was performed on cryosections from 4% paraformalde- 
hyde/2% glutaraldehvde-fixed brains that were permeabilized. '"CUMied in 
02 N HCl. exposed to proteinase K ( 100 pg/ml in O.IM Tris. 0.005 M EDTA 
IpH 8.01). washed (0.1% glycine), and rinsed (50% formamide/2x SSC). 
Probe was then added to the sections, which were coverslipped. denatured 
( lOO'C for 10 min). hybridized ( 15 h at 3rC). and washed (per manufactur- 
ers protocol). Probe was detected by an an.idigoxigenin TR-con)ugaied anti- 
body (Boehringer) diluted 1:5 in 0.5% bovine serum albumin * 5% normal 
human serum in PBS. For some donor cells, multiple detection techniques 
were performed. 
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jjliosilic in ihc brain li'jUt 10 printrcssWr ncu« 
rodc);ci\a3iw>n. In i*u'ir cxpcrimcrtU, ihc 
intriabulic dcfctt in vriiuury neurit cultures 
cuuld be c*>rrn. rcd by human NSCt cffl- 
Gicy obscrvcil *mi:):csi< ihc rcasibllity of usinf* 
Jiuman NSC jt In )iu|M>ly a ^•Jriciy of ihcrapcu- 
lic ^viic proilucis in abiuirmal ncurat cells in 
disease. 

Sn)ilcr Jitd his cuUcjp.ucs subsequently 
implanted the bmmn NSC i*lun» iiuo the 
literal wniricic of ncwlniro nnce, whcrr iltey 
integrated intuthesubvnitricularznnc. rmm 
this re^;ion, ibey migrated extensively, cither 
alon^ the subcoiticil while iiuUer or along 
{he rostral niigraiiirystnrannand diffcFcntist* 
ed into cell types developmciually appropri- 
ate for il\e time and a^ion of the tmplanta* 
lion: Olisodciidrucytcs/astmqrtes in cortical 
and subcortical a-^ions and neurons in che 
olfjcior)* bulK respectively. When tnipbmed 
into the eerebellun) at the oppasitc end ofihe 
ncuraxis. they yictdt'd dilTercni neurnnal cell 
lypcs, mainly cer^lbr granule cells. 

In additinu. the hunun NSC clones were 
able to "read" the devdopmental cues oper- 
ating in difTcrcut a*«*imu of the neonatal rat 
brain, and after completing their migration, 
expressed the phcnuiype uf one of the three 
fundamental nairal lineages. Importantly, 
clone* engincca'd ex vivo by a rttrovtral vec- 
tor to cxprccs an exogenous gene could 
express tliat gene in vivo, further establishing 
their efllcicy for molecular gene therapy. 

Snyder's grpup also studied the effeaivc- 
ness of human NSCs 10 repbcc neurons in a 
ncurulogical mouse mutant ofcell deficiency 
(somcwbai lite 'ablation"). In the meander 
tail {iuea) mutant, characterized by a failure 
of granule neurons to develop and survive in 
cerebellum*, engrafted clones of human 
NSCs were able to repbcc missing neurgns 
and intermix wiih residual endogenous 
murine host granule neurons. The plasticity 
of human NSCs to respond to certain local 
cues is even more impressive as I hey were not 
harvested from the postnatal brain or cere- 
bellum, but from the perivenlricubr region 
of the fetal teleticcphalon, an area which pre- 
sumably docs not normally give rise to cere* 
bellar granule ncuroiu. 

Important and comptennmting observa- 
tions on the propatics of human progenitor 
cdls urc outlined in an accompanying article 
by Ron McKay and collcagucr. In their study, 
fetal hunun donor cells, albeit of unknown 
clonal rcbiionshipk are deposited in the cere* 
bral vcntrtcio of embryonic rats, allowing 
them free access to brgc areas of the neurocp* 
ithclium. One to eight weeks after trsnspbnu* 
tion. axipicnts of acutely dissodaicd ind 
bFGF/epidemul growth factornreated prepa- 
rations showed incorporated cdls in a variety 
of grey and white mancr regions, where they 
differentiated into all three major cell typo.* 
This Incorpomiion pattern — previously 



described after intrauterine transpbntation uf 
rodent cctbT' — ^uggcsis that donnrcdl migra- 
tion is not primarily determined by 
autonomous pn»)K*rties, but mthcr by guid- 
ance cues u'tihin die bust brain. 
Iksponsuvencsi of human donctr cdU l<> 
migration cues within a rodent brain implied 
ronarkjIiJc cimscmiim^ of iheve signaU 
across species. 

Of particular importance is their finding 
that transplanted human cells are able to 
a^pUcc brge arcu of the sulwenirlcubr xone, 
which is known to serve ai an cndogeiiet>u& 
source of multipotential nctiral precursors 
giving rise to neurons and gib throughout 
lifc'.Tlius, the incorporation nf human neur- 
al precursors into the rat subventricubr uttte 
offers intertsting insights into futua* cell 
nrpbcanent strategics;. 

Another important aspect ofthcjitudyby 
MclCay and collagucs b tbc frnding that 
numerous human celU populating the white 
matter throughout the brain an^uin: an 
oligodendroglial phenmypc and participate 
in the myelinaiinn of host axon?;. In the 
future, this model could Ix: used and adipted 
in various ways to study the mechanism of 
myelin repair in hunun demyvliiuiing dis- 
eases, whereby wi^lesprcad delivery of oligo* 
dcndroc^tes would be desirable; 

A glance at the literature revwU the fre- 
quency with which the term *sttm cclP has 
been used rather loosely and inappfupriaic- 
ly*. Snyder s study cmphaslxcs lilunality. ihc 
key for NSC defmiiion. allowing an assc»- 
menl of the trite potential of individual cdls. 
This will be an even more urgent require- 
mait when it comes to therapeutic applica- 
tions. The choice of the propagatKm tech* 
nique, cpigenetic or genetic, will dcpcitd on 
particular research or clinical problems. On 
the basis of the results of the Snyder paper, 
they arc equally safe and effective. Yet both 
these approaches warrant careful scrutiny 
before going into humans. Knowing that 
both methods arc giving comparable results 
will allow the pooling of data from various 
laboratories in order to apply them to human 
clinical neurobiology, with the hope that one 
day. the NSC could become the brightest of 
all stars in the new millennium of ncuro* 
science and brain rtpir. 
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Site-Specific Migration and Neuronal Ditferentiation of Human 
Neural Progenitor Cells after Transplantation In the Adult Rat Brain 

Ro««m«ry A. Frlck*r,< J Me|U#« K. C»rRontor,^-' Chrttsllan WCnklor,^ Corinno Qr«co,» Mont« A. Gftt«>d/-» and 
AndAra BJiirklurtd' 

^v^An&nt^m NeufX>sc/enco Conior, DMston of Nounstsfofooy* Lund Unf^n^rty. 5-223 Luna, Sv^^od^n, ^O^pmnment of 
Ncuf^roQy Han^^ra M^lciil School. Chirdr^n's Hospfta/. Bozton. Massschusetxs 02 its, ^CyfoThorBpeutfcs, Uneotn. 
Phoaa isiind 02B6S. and *Geron Corporsn'on, Man/o P»fK CA/ifom/^ 94025 



Naurni pr«o«^ior calto obtoirtad from the embryorUo Itumon 
torooroin wuro oxpand»d up to lO'-fola In cutiura In iho pr-a- 
«nc* of •pkiofm»t flfowlh factor. b«»lc iltoroW"! grpwth factor, 
ano i«uk«mla (rkhlDrtory growui toctor. Wn*n tn&Aspl«ntod «nto 
ruiuf09enle resion^ In mo sOull rnX breln. tho eubvontrtcuiar 
iono. and hippocampus. X\yQ In vftfo propagatad c«ti» mt^nitod 
■p*cmc«lly *t<bftO tH« fOut«* f>oflnft*t»y Ukkon by th« endoQonous 
ntfuronol pr«eor»om: alono m« ro3<ml rnigrBtoryr »tr*ftm to Ui* 
DlUctory bulb ond wttWn tho subQranular zono m Iho dontoto 
Oyfvs, and «xWbK«d aKo-apoddc nouronaJ emorontiatlon (n tna 
grartuior ond par(glofTi#'vilnr lay«rti of th« bulb and In tna dan- 
tnt« BfonulttT coll tayaf*. Tho oolB ciihlbltod cubotantJal nr|lgrntipn 
oUo wKhIn ino non-nourogonic rogJon. tho atrlatum, in a aoorn- 



Ingty nonoiractod mannor up to ^1-1 .5 mm from Xt\o Qnn cat6, 
ana ohowod dHTorsnltatton Into both nouronal and QtJal phano- 
typaa. Only caiia witn onol*llko footurva mJgr*tad ov«r tongor 
dJatancoa wttnln tna matwra attlatum. whamoa the colla ox- 
praaalng nouronol phanotypoa ramalnad cloao to iho Implanta* 
lion sKa. TVke ablltty of the human nauraJ proganltora to raspono 
(n Wvo to ^uldanca cuas and algpal^ Thot con dtract inair 
dltTorsntiatton olong muttlpio pAonotyptc pathways augga^i^ 
that thMy con provide a powarTuI and vinually untiAAnad oourca 
of colla for axpartm«nta| «nd clinical trms plantation. 

Kay wond:x: pr^ganltor cofis: ni//nan; tmnapimmmUon; r^^utnn; 
subyrantrlcutar zone: dentnta ayrus; striatum 



Tlic HmitccJ capAcl«y for ytructuraJ repair In thc mflmmaliui brain 
U in p»rl explmincd t>y iKc irmbiliiy uftJtc malure C^**$ tO 870«r>*t« 
new ccUulfU' *Um«nu la rc^poftx: in domncc. Cell tranttpUntation 
oCfcr* m po»«ibUhy to circumvoni UiU JimltaUorv. Boih rOdont «nd 
prlmB<o otpcHmofiU ihow thai ncurobluviE mn6 younft poatmllotte 
ncufOfhA Obialiied f/om defined part' of Cho ncuraxU duTtns 

dcvclQpmcni can survivci niacure. oiid fiiow extensive /unctional 
axonixl cnnnccikOna after imniplantation to b^otn^atnag^d recJp- 

lenia. and both airvCTPr^lly anO f onctiOnully rcptuca lo«t Aaurona 
In the cnaiuro brain (for review^ ac« Ovnnctr and £]Orktund, 
IVV4). Ilccauic or the limited migraiofy capacity oC tKe dl(r<ren- 
listed eel U. however.- Ih4»« typ<« of ImplanU axe unabto to Inte- 
gral* Into the ecllular arcKltccnjre of iltc ho»t. 

Previous atuJtca hav* Bhc««'n *Umi |«»« OUforaallotcd precurvor 
cells, taken al premigT>tor>* »t«8«* of nourona} davclopmvot, cao 
inak« ua« of avaOabla tubitraicMi or pathways for ml^atJoo, mix 
with endoc«nOV» pools of prccurvorB. and partieipatc Irt OnsOin^ 
n«urofiencsis» both during davaippffn^nt (McCooActU iPfiB; Cao 
4nd llallcn, 199*; Zlffova ct aU 1996) and In «fcaa of the mature 
brain, the untcrlor «ubvanir Ocular aona (SVZ.a), and the hip- 

V 

Hi^*^ D»m. 7, IWIU rmmUmJ Afif U il« t*^, > <iC P p is d Afr« Tf, 1999, 
Vki* •t%#«ly •uppona^ bf tK« WctleoaM iM »-«iaUK M«^ f* l Pa— 

S«U4e »-•*• W^IW»» U< M.pp'r hi-<*»a <■>* i | i n la tlwut T«^»« 
lip«biiiful.CV««ttiM CH«>TM*. AlUh irUAaH.mrAii ll-4r»UUv«.i«4aU*ffJ«akMfstJUft 
iMl. Ann* OtacM. XftOf »^n^^ mU C>r«M«tf« Sui^h^g, tar cM«ll«n( 

t«>AftKa1 •-«Ui«ae*; aMlJaa H«M»aA|l fur w*«lal aTacuMioM aad caotMCBts oa Ibl* 
•FiMMftvrlpt T%w tlM afitllwtllr wa» a yvwariMM dn fruta Of, Sla«««l A- OcrfJtMa. ami 

DA Arroi *oolH«tfr » c»^*fo^ «tn aam l»r. r*«ii QrK««cwU. 
Cotwp^at****** »«i»»iJ a* aaaist»i J la Or. r«w«m^ P|4^t. O^*rt«f«o( vr 
K(>»»*ai-cj. DUi«tM« Of H«iiM»>ciaaca. H«j^p«rtf M^Uic^l 5c«wol. ttMlar* V^O* 



pocamptJ deniato ^ynjt, whert> nov<ocM«»l* comiAuea Into 
adulthood (L.oIa and Atvarcz^uyllD. 1993; Vlcmrlo-Abojon at »!.. 
1V9S). 2ktmiiarly, nvSx^d procti/ior coll populollont. Injected ii 
ut^ro Into iho dovelopinc forebrain, Intagrato acmsi (he vcntrlc^ 
ular w«lt And undcr^v altanipecUlc mJsfatiCii and scutonal differ* 
cntiatlon in widespread bmin rogloas (BrCnle <t aL. 1992; Camp* 
bell at nl^ 1995; FUhdl, 199S), aucsc^^lnf: ^^"^ undl^crcnUatcd 
pro^cnllon fiiay be «n Inlorcstlng pource of ccUa for Intracerebral 
tranaplaniaUoP. 

Recently, oeui al pro^cnitoni wUh tJte cApiiClty to kivq riso to all 
major coll type* oC tho mattire CNS liavn bocn UoUted from the 
developing or adult Ct^S (>yo|»« «t aJ., 1996b; Alvare«-Buylla. 
1997; Uuskin ct at. 1997: Ray ct aL, X997), They baeomo more 
rcmtxictad in nimibof durlnc dovolopmont and romaln aa a p^naJI. 
TcUtively quiciKont population ot dividing cell* In the tfubvcn* 
tHcular r90ton« oC th« adtdt CNS* Thaaa T>aural proconHon can 
bo srown <n vitro <n tho prawanca of elthar epidermal frowih 
fuctor (EOF) OT basic fUsroblatft srowik imcnjT (bFGF, FOF-2), as 
a populmfon of contJououaly dlvldbig progcoCton capable of 
dtfCarcntUUes Into both nourons and (Mtiiphy ct aU 1990; 
Roynold< and WeU«, 1992a.b. 1996; SUchard* ct *L. 1992; Ray ct 
at, 1993; Voacovl cl aU 1993; Sanvcnbxctuior at al^ 1994; Faltner 
el aLf 1995). CelU tvoUtod from tk« n>t btppocampui In the 
praaonca o£ bFCF havo boon ahcrarn to oxprcaa rcclon>vpocllie 
mlBfAtaon and neuronal dilTcfcOtlatian after rrantplaiitatlon to 
iho aduJi xat Jbraln (Oapa at aU 1993: Suhonen ac aL, 1996). 
Bmbrypnic tnounc Of rat forebrain pro|[caitoni c^xpandod la thc 
prosonco of I^F* by coaaect. develop Into pradomloantty b^^^I 
pKcnotypca in vfwo, a a obacrved aft or rran* plantation to iKe adult 
rat pplnul cord (HammanC at al., 1997) or tbc dbvolepfn^ t«I 
forabraln (Winkler ct aU 1998). 



1 Icfc, •^c h-vc cxftmincd the question of whether proi^cnltori 
i«dlulcJ from rhc €Jcvc)<>p;ng hUmUA CNS Can crfltiba •« W«» 
tiuuTOKcnic Rfopetlic* ■Rcr ImpUniouoit ifico tiw: brain of «duU 
recipients. CclU obui|nc0 trttva irto lorcbrtUn of 6^- lo f»»wcek^l(i 
liuxuan fcltucs wctc ra«intAinciS ui continuously dividing cuJlurcs 
li\ the presence of KCF. bFCF, leuJccmU lnhib(tcry tto^lh 
UqM (UIO. Cell* cxpi^nded 10** 10 Void In cu»w« (over 9-71 
phMSgci) iurvivcd wxili after tr«o<pUnt*tion to both neurogenic 
•nd noii ncuroccoic «lici; celb cuntaJnod wkhin ihcaa crafts 
fthuwcU iniiscaUun, inlccraticm. and iilc^apceific dlllcrantlaUon 
Into both neurons and ^Ha. 

MATet^lALS Ais»C> METHODS 

CMmnatt mi*J io viiro eUw* afhumsn profrnMUor m^A, CsAaratlon o( 
irvd rwum-ft proceftUof c<il line* h«i been Oe<crib*iJ ptm^i^^ir {Cnq^«*^- 
im* m% J W). f^bryOnla b#*i» %iMm w*« obiAlnod CrCm erne 6.5 %i«ck 
and ^oc V «rcck ««nbryO (pi*»l-M04M;cpliOA) wtidcr compliftnce wllh No. 
■MA«t Inttiiulci o( Keallb (uidolinoa, Sw«dUh |Overamcnl auideJIni^. 
«n(J Iba k>cal cibia coomitlee. and •pproprUlo consent forc&« ytmrc u*ed. 
Ti*»uc ftom f Ke fo^cbfala w*« di^tfecreJ In «t«De and IxmrnfeTrctJ 

to rtv&Jiunn a dcfUwd DMEM/Hj2-*»»*cd muSluni <lJfc TcchDolo* 
Htci. CiAuO UlunU. NY) containln;! 0.6% |:hieu«n. 25 MC/nd Ituman 
ln»uiln. 100 >A4/ml human trmMfcrrln. 2ft n** preceiierona, 66 ^ po- 
tfucina. 30 tLM ■«Ua(ura chlorlda. 2 hm (lutamloa. ) mM «odliHA blaar- 
rwM«ic. > mw 1 1 Ci-Es. and 3 Mtf/o^ b^pArln (5ls9Vk. St. UouU. MO). The 
iiuu« w«a dlMOtflatcd uiloc a •lamivfd t^*^ hemoccniccr. and liie 
0(A«<K>^Kd c<:U« were pitr^o On vAComed pliaUc T73 Oaika In N3 ou- 
dlura containiap humaa SOP (tdSOK. 20 nf /ml: IJfa T«£hA04ot(c»). 
huruan bitic FGF (bbPOF. 20 nc/cd: Ufa TacbrvoiasW). md huoBn 
UF (KLJn) (10 ni/al. B-l-D SyAtejaj, U^). «r m dcMit/ of —100.000 
c«ll4/kul. .V 

Tn« C4.IU i^rtw 4yt ii*A*Camtin% esu^ttf/* CAMrosphcrci**}, uad waro 
pravaalcd Inim attacKmaaf by <«nity k**M:ltiAi iKo OaAk* c»ch d«y, Any 
e«lU ttwi •dK.r.J tt\ lh« plailU -nd bcc«A id cittoruS proc«Mca were not 
rvT<Mw»d hy Ihi* prarodur* and Ikcrafore were not c«rrkd Ihrouph lO f be 
next p«M«KC. The aphcrM w«rc p«M«iicJ by «»«ch«nlcjd d(uocl«tton 
tfvcry t^iO J «Jid r«;«ccd€id •IncU mU» «r « dansily of — tOOJ^OO 
CclU'nU. Xhr cell* u«cd for iran*pUni«iluo Cth« <<.5PAr »od COl- 
tMrc») h«d been expanded over p««««(wit ^bich «orrMpond« (O a 

f««iKl IncresM In eel) oufDOen^ Of — 10 * %t V pw»«(ca lo at Watt lO^ at 31 
PMM«K«A (C»'r*n%%r ol kl^ 3y*^>. 

Ihc dtfi<:cilaA «>f th« e*lU ^ wltwro* ^^aro labeled witb X 

LnM«a«l«*vyM<IJt*»a (K^rdU). «»K«eh w. »dJ«d la iKa Ctetfure medium ^tl 
l*< Ncr«>fr tu« pr«r<«r»l«un of tba ccU'« for cfMiMplsnlatlon. Thl» ffc«wlt«d In 
-> MO^ UbvUnn efTWiency. wUh no •ppaacm tJ»«n||o* In £rowth r^o of Lho 
f pherc«. 

CclU i«Vcn for tru«apl»M4«iion 9 O «Oer lh« p»««ai« u 

■ niid1«pr>cru •»! ccIUl T>o vpHcrc't ^octc collected hy caniHf ueadon 

• I |onn rpm f<^f 3 min and ra«v«pcndcd lo I ml DMEM/KI> OaadUm. To 
cKark cell vUbtUty, ao aliquot of tbc tphcre cwp^yt^lon remOrcd 
»ml n>U«d with trypan bio*. A.n«« ihU w*a a#««r\«lnad, a •ooontf volt 
rount p«rlorm«d by ltirwrftt|«v trypan blw« aJIqtiot lo (Ivo f inglo 
aalU, Th« •pHafv furpcnilon w«i eontrUucad a ••coad tlma and rcfut* 
f^d«d Ift a ^mailar ^uao lo gtva Um oqvlvalcac «( —100.000 VnlU/^U* 

TWn/pianwifoA. A.dult tfammla :bptacw« UavH«y rai< CEIAK Uidvonal. 
Stockbolfo. Sweden), waUKinM —ZSO tu* nl i^a bcfiofdnK of lho «t«*dy, 
wWd.ThCy «^ra <afad In yioupa of Iwo and isttlnlalnod on a 11 Kr 
li(hl/darV cyvio wllh comtani Icmperalute and hunldlty« w|ih«^ A*6<ri«fFi 
bMMJ and viMar. Tba animate were Immunoeuppcesecd ibrouohoui the 
c«r^rlo>ont by d«4ly Ir^facilotM O' IO mn/kg Cyelovporlo, baglnnJni I d 
bcfuta iranaplantaiton. 

Slcrcotji«ic tur fiery araa perfonocd undar dccn oqoilhaila aaulHaala 
O ml/kc booy w«t|;bi. 1^.}. Ral» roeel*^ I #«l eall «w«p<n«loo bUatafalty 
In alth«r lho {EVXa. rr^trvl alCfalory •Ir^am <KMS). or hippocampu*. or 
3 ul Ilk kha virlaiuRi. accorOlnp lo tha foUowlsv coordinaUft: SVXb, 
tatar (or (A) ^ laltral (U) =IJS, ventral CV) —40: RMS. A - 

L - =l.S. V 5 A hJppocampaa, A -3.«, U — eXO. V - 

-3a>. -3.6; #Ut«f«fio. A — 0.6. L =;2-«. V - --4^ —4.2, Tlte loolh bar 
w«« Ml at and allvwfttral tOOrdlbala* <M<«r« lakan from dorm. Cell* 

«^re Implanted vU a ^an eapUtary (Inaar dIamaUr ^70 »Ain) allaekad lo 
k 3 mI t Umltlan ayrlnge. Por lho SVZa lran«planla. 100.0(10 cctU from the 
A.Snir evil Uae were IcanepJanlad. nod (U« bralna %»cto Mnalfvad nftcr £ 



wcckj (#f — 10). For Ihc RMS IranapJaaU, lUO.OOO t0«li» w«r« Irane- 
plantcd. «nd lho bralna were analyzed ac either 2 wccka (tfJSFBr. n 10: 
yPOr. n — 4) or 6 w««k< <d^FOr« «« — 10). Both call llncj wcr< tran«- 
plMniod to either iha aulatum (ZOQ.000 catU) or htpptkeampua (lOU.OOO 
cclU), aod Iba bralcui weca «natyaed al ailhar 2 or 6 weeki (a m p^t 
y>oup). 

TUixAM p*%»M»imfi, Al «(tbrr 2 or 6 waeka after UMtf^ianUllot, rau «^rc 
tcrmlnajly aAe#lbetUed with chloral bydraia and UaaacardlaUy per. 
fuaed wlUi 0^ M TBS fallowed by S BiUt rapid fUalton wllh Ica-eoU 4^ 
para (Orrt%ldcbyda (f*FA) io 0.1 m pho^plwlo buffer. Bralna were removed 
aad pl«ccd la PPA oveAdgbt, before baloy IrauaafarrBd lo aucroao In 
rD$. Coronal or «a£lu«l a^tidM «v«ro owl uo a tfreesla^ mlerotOcTvo ac a 
thlchuaM of 30 KM. Cn cadb caao, oigM aerlaa «vcro colUelad for f unKcr 
proeaa«(AC* 

//«w*»«moc/tocArmZm7v Par BrdtJ labeling nil aedlona wera prctf^alad 
with 1 M HCl for 30 >alA at f!S*C. Soctlona wara Ineubatad lo primary 
aoCibodku for hr at 4*C AH primary aatIbodl«4 wvrc diluted (a OlOS m 
poLhiatum PBS f kCFBS) containla£ 5% normal aorum of the aperlaj la 
wbieh the acconiJary anilbooy f #l«eO and OJUTb Triton X-10Q» •«eapc 
for 32 kX3a dopamine, nnd «AM lf-re«ulaced pba^pboptfOt^n rDARPP* 
33) and v-*«^ao OoOtfboaylaja <aAI>«T) In wklab Triloo X*100 wu 
ocidtiad, >\AtlbndU« uacd In iKIa atudy wara firdU Mmi monoelooikl (t:100, 
Ch«m|e«fi, Teaaccula. CAX oiouaa monoclon*! (Ir25. Beclun DlcklnaOA, 
Frwnkiin Lakes. KJ.). p-cubulln^X <l;400. Slf ma), calblndin <t:lUO0. 
^Icma). X7AAPr-31 (lOO.OOO: X>r. p. aTocf»ckrd. ftoekei;ai«r), CAD«f 
(1*1000. CKemleoa). ^Ul fibclUnry acidic protein (GFAP, ItSOO, Dako* 
paiti). B.NA Iklrtdlo^ protein (Hu, 3:1000; JDr. S. Goldman, CoroollV, 
nei«roaai nwdci (NcuhC lUOO, Cheodcon). tyroalaa Kydroxylaaa (TlK 
Its 00. PeiPreexe. Rogcrj, aR). Vlmcnlio (VIM, 1^, Dakopatu), «Od 
buman-apobfle tau (^Tau, 1:100. C«JblocKcm« l-a JolU, CA). 2-'0r all 
ImmuDoKlatochemleal proocduroa, adjacent a««iU>n# #«rY«d a^ segatlvc 
oontxola and were proccaaad lulng Identle^d pr^>€cOwrM. except /or Incu- 
bation wichout the primary aaitlbody im anaif »^c. 

For Ouoreaccni doubladabellAH Imv^uoOCytocboraJatry, afltfr rln«« la 
KPUS oontalolai: 20fa of the pormal aara, Katloox wore incubate lo tha 
•ccondary andbodtca (l720Q).Fo< tM anU-BftiU tbit waa doaltay ancl-ral 
eonjugatad to FfTC Of C>^ (Jackion); for QOtwa aatl-DrdU. doidkoy 
ut£.mov«a «QnJw8«tQd to PITC or Cy2 (i«ck«OA): for ail t>ihcr primary 
aallbodtaa ralaad lo moua«, rat-abaort>«4 blOtlnylalcd hotae antl-mouac 
(Vector); and for all pri^nary anWbodloi rafaad In mbbll. Oloclnvlatcd 
awine aatt-rabbit (DalcopalU). Alt aaooadarloa wore dOuied In KPB2 
coniAlnInf 2^ nortnal acrum, and accilon* wctc raaclad for 2 br a| room 
lompormturc In ibe dark. After Ibroo rlntai la K^BS. acclfona were 
reacted with acreplavldln conjusalad to CyS (Jackaon) for a/urthaf 2 hf 
al room icuspormtura In tbe dark. 

Pbr Imouinoblatottbamitlry w4th hTfeiu, aactlOA4 were ptfctrcalod wllh 
3Xr H,Qs in 10^ fMQth^nol lo cpja&cli ondoi^enowi peroxldaac acitvlcy. 
Incubwdon In iho primary antibody w«j p«rfamod lo KPHS comalalax 
5*:^ normal horvc aorum naJ DOS^C Triton X.100 for 3£ Kr at 4*C AAcr 
tbr«« rtntca In KPUS. aeedooa ««rc Incubated In Iha aoeoodary antibody: 
ra|-«bioTbed bfollnylatad l>orao and^nmuao (Vector) In fCPBS conlalninc 
normal horao a«ruai for 2 br al rooco leotpcrmcuro. FOrtbar waaKlntf 
la KPBlS wa4 followed by IneubaUon with aTldlo-blotln-^ataaldvaa 
oompledC (V««|«»(«(n. Vodor), for IJS br at room taAperaturc* 3J>- 
Dt.^nob«CK(dfna (Stgo«) In 0.031^ 11,0, |n KPX^ w«« u«a« aa Ihc 
thfOmogeau 

TKa acellona w«ra mouolad on chroma *-alam*coaiad alldaa, and Iba 
flwore^eal •ecilooa wer< «o«^r4lppe0 ualai polyvinyl alaabot'-l*4« 
dlax*blcyciaf2JL3]oct*n« votintlna medium. The hTnlt alldea wero dc* 
hydrartod la aacandloc tJooboU and covaralCppad Vilot OP2C mounlani, 

ComfwMml ff«Jb^rcop>% ColocaliaaUon Of BfOU Wltb oouroaal and glUl 
markar* eonduciad by confocal cnlarOaeopy lo enable ocact dcAnldon 
or «»«K of Iha anilbodU^. Uilna a Dk»Rad MRC1024UV confoc«t acaa* 
nina ilfbt mieroiaopa, X3oub I c ■ l abolad ceJIa wore al«»aya «orlflcd, both by 
eotlaetlng *«rlal awtlona of i— 2 fam throofbool Ih^apaeiman, and by aya^ 
udng an Olympwa binocular mlcroaoopa. In aJ| flguraa, all dOwbla«lab«lad 
calla that mtm dcnotad wcra IdcnllOnd In ihU way* 

FiEaucra ; 

in vitro ct\arac;teristt^ ef tt\« ti*eir»«plMnt*dr c*lla 
Two diffo rent .human pn>gcoitor cell culrurap pbtainod poti vaor- 
Ycm from tho forcbrmin of ono 6,5 wtjcjc <6.5FDr) and ono 9 wvelc 
(9FDr) ombryo vrera analyxed* Tho colU wcro eultutod in lho 
prcecnee of EOF. bFCF and UF and paxaagad ovcry 7-10 d* In 



these culture* bFCF w.» nccc*5*/y «o mainl^n conilnUOoi Cell 
pc^»^c^r« over «tcncl.u ii»c pcxiojJ. «nU .M* -^fc^ ^ 

!mcnu (Carpenter ct 1999) indicate th«l U I- pr^mAU.* tho 
ir,!l"cd pcilif^Mion U.C humi^ progenitors la 
sphcrc colTurc.. Moreover, in cstcomem -'V^^u''^^/ JS™ 
(S-ioK Yoahida. 1997), the proponloo of cc 1* ih..c dfcrc"; 
L.^d lAta nc«ro« -ppcrcd fo be loerc^scd *A the pro«nce 

"^^nc tn wr«^ ch«.cicrl.ticj of Ihc «^njr •od 9F»r pr^6-i>'«or 
C«U culture* hHvc b«n pT»*cntcd In detail cUewhcjc (Carpcnlor 
" Lrl^J^. Briefly, both eulturci *K^*d H tfrov/th /i-r. Oiat w« 
.imulr lO e-ci, ciher *nd to other humun progenitor «" ^if^'" 
dcf Iv-cU from UIlTcTexn tc»«illQn*J CcJ). w.d.m undiflTercn. 

timed •pi.ero* w.r« laimtmoponaJvc for the Immoimo cell m-rkcr 
nciiin Ld were shown .o incorp.v.t* UrdU iod^uv. of cj.ll 
division. To A-Aci* the dificrcniJ.iioo capacity of thc*e cclU. 
di«uciul-a single eeUl W«r- pl-i<=d one. poly-or«iibJnc-coiired 
• L-Uii COver^Mp. nnd cultured for l2-)4 d in N2 medium cunlammH 
ir« KttS Oil diire«nUdtk>A. both ecll culture* d<o\otutn.iMl the 
ca^ucUy to form neurons, •sirocyius. •nd oUgodcndrocyicii. Im- 
mu«ohlsiocl.cuu>try using *n .oubody to GFA>^L"=^*'*^ * 
of 15-53-;^ astrocyte* present ia both Ihc 6^FBr «nd 9FlJr cul- 
ture, between p.«*^c S (P5) ^nd P3S. AnJmlibodyto ^^ tubulin 
Isoiypo III wfci u«cd lo detect neuroi^. M W iK* ^^FBr oJlureJ 
tcoermtcd more p -tubulin- J n-po* III vc ccUl thuA ihc 9FBr ctJli 
(37 vs 20'«». reitpecilvely). At ^20,^30 (130-300 d In t^/rv). the 
percent-po of oeorons h»d dccrciuTed lo —15% in both cultures. 

fiurvtvel end <Uaor«ntiotlori •n<»r tranepUntAtlor* to tho 
adult rat brein . 

C«IU from itic 6.5FOr mnd 9FBr cull..rc« were tr*n«pUoi<uJ. or»der 
•niowiio*upprc»sk>n. into iwo ncurogcoic sites: the dcnuite jjyrus 
of the hlppoc»mpu« snd theSVZ* und its .Mociiitcd «.MS, »J voll 
M lO « nof\-ncurO8«0iC iUo. ifae striatum. TrmnsplajnlaUon w«« 
peTfarmcd u*Ias ccIU h«d been pumged 9-21 lime*. Tho 

cciu were lobcloU wlUi BrdU durln|t th* i*3t 48 Kr before tmns- 
pUniAilcvn. -l-hls r^ulttd In --ftO% lubeiing elTiciency *nd enabled 
■ nuloU of a>- cr»ft» by Cuorescanr Immunohi.uxJicmitlry u^ing 
« anublc-lobclirt< teeJinlque for UrdU in combinnUon wiUi -pa- 
einc nc%.ro«nl yod glUl xn»rkcr5. In fddiuon, hTou w*^ U«d lo 
lU«otify tho cranud c^mlU. 

lev «U •nimml*. DrOU-po.i»lvc triuisplttntod ceiU ware IdeniincO 
In «ll gr.ft .he*, at both 2 and 6 weeks »fler UanspUntaliOd. 
:;imdArly. stkininc with the hum»n»«pcclCc lau antibody revealed 
cellular aiid a>onal pn>fltoii ml trmtwrplanl alica, Indlcatinc crmll 
survival In all «#«wa. EKtcn-i vo micration of BrdU-Ul>«l«dccll*, aa 
described b«low. >-ero *c<n In all animals wKerv the jmfl dopO«lta 
h«d been correeUy pl.cod In the RMS. SV2*. or htppocftmpw*, 
respectively. No evidence of Tumor forcaotten vftJ ob«eryod. 

Ttim transpUtJU from boih cell cultures (d-SFBr and «»^0. 
tCRfttdlw of «He number of pasiia|;cs, wOre mdUtincwhabto lo 
terms of st»fi ■t»rvi'val, ou^rvtional p*ttom«, *nd phenoiypte 
dUfcrcniiation of iho tT*n.pUniod eclla- Control tr«iwp1«nu of 
C<IU ihwt had been kUled ty fr«x«»lhfiwing bcforo umnsplimta- 
tion slt^Twed no Uonsfar of tho BrdU miwker to dio ho^l cells, 
whieb U in u^cmcnl with pr«v|ouji roporip (Cac^ 1995; 
Subonoii c( 1990), 

TKo mubvontrlcoiof* acOfvo und rostra! mioratory stranm 

Sfln£le doporlt^ of lOO.OOO cell> were deposited \n or cloac to tho 
iVZ*. vcnifMl to iho corpus eallosom, or juiil above the RMS 



F#ieii«/ at ai. - Tranapiantatten oi Humwi ^v*^^ C».» 

midway batwccn ibc SVZa and the olfactory bulb. In tho SVZc 
a core of DtdU-pOVilWo CofU woA touted close to the ventricular 
epcndyma, extending lo «ome caw:t into the whilo inatlor of the 
ovorlyinc corpus callOauRB (Fi^. lA) (6 wccki rfurvlvut). Celli 
were soen to iaava thc tr«uwp|artiaUon inta In j. «troam of roairal 
cnlgmtlon (Fig. 1^) after iU« RMS, Lo^ nlong iho p»ih of endou' 
cnouy progonitorj toward thc olfactory bulb. Oxice thoy r&«chcd 
the bulb, BrdU-poaaiivc colls UXt the mlc^raiory «t/o«m, bceomtni* 
diapercad throughout tho •ubcpcnd/mal, granular (Fig. iC^). 
and glomcmtu' cell laycnr. Tb« celU wioun the olfMCiory bulb 
wcro more woakly BrdtJ-Ubclcd than thc cells In the SVZa 
(which werfc un'ifOi^y hij;hJy l&bcled). ^bCtcitlAfi ihllt tho Ubcled 
cetU had tiodorgone f usaher cell division on their route to the 
bulb, sinuiur to iho «ndoc«nou»i prog«nUorv from th« SVZu 
(McncKci ci Ai.. 1993). 

In tha RMS trofUplfthM iho depoflta of BrdU-labolod oell. were 
JocuUxod Juat abovo, and occatflooally within, die XltAI^ luuilC (aae 
Fig, 4^), AJt, Z wceK» liftor trwirpl«ntatlpn tb« celU r<m«lncd 
clustered at thc graft site, and there wo. very little roigra lion from 
the (:r&fi core. ThuA OAly lew coU« wvre objcrved to^uhl fcnd 

caudal to dte graA placement at thU time point. Sl% weeks after 
Eranlag, CalU weco a«aa to h»va cnigr»t«d costrally toward thc 
olfactory btdb (kcc Fig. 4jB) and Into thc grAoul&r and pc/iglo- 
meful^ layers (aoo FIk- ^C-/*). 

Thc itnmatur* call marker VIM waa used to dellnaala the 
SVXa Aod RMS aJoog wblch BrdU-poftlt(ve cells were »ccn in 
their XDlgr«iory #tn5*tn (FIf , BnJU*po*Ufve cdU vcrc not 
VIM positive The vaal majority of the BrdU-labeled studol did 
' not divcrKo from the RJwlS; bowevor, lo the regtOn adjacent to thc 
trvn.piMt core. occAJdonid cclin could be ceen oUgratlng dortftJly 
toward Ihc overlying cortex (data not thown). Some of thc colli 

nilBrating within tho RMS were doubla.lab«l«Ml w{ih .th« aarly 
neuronal markcn Hu (Fig. 2X1) and /3-TubuUn-lH (.ec IHg. 4B). 
Doth of thoao roArkerv. whteh Identify both early dtifcrontlaicd 
neuronal prccurxorr and mature neurons, axo known to ha ax* 
prcasod by tha andogcnou* progervUor* from the 5VZ» iw they 
misrmlo along Ihe RMS (Daraml ct aU 1995; Mcner.os oC aU 
1995), The prtrfooce of thciC ntA/kors thus IndlCatca tl»clr early 
commlimont to a neuronal phcnotypo. Nona of the OrdU*po«tlWe 
calla within tha SVZa or RMS stoned poaUively for tho NeuM 
murker. Within tho olfactory bulb, tho majority oC BrdUMabeJod 
cells, both In tho deeper layers and In tho pcriKtomcrular lay^er. 
wcr« Hu pothlvc (Figs;. 2C, 4Q, and approiximalety tvU of the 
BrdU*poalttv« colU were ^po dovblo-Wbclod wUh the moto m** 
ture neuronal marker N«iN (Fig. 2A-5^, Indicating m ptOgr«M(ve 
matUTatkan of the cells toward a neuronal phcaoCypo •» thoy 
on(or«a the bulb. Many Of the BxdtJ.labelad cells. witlUtl both Iho 
granula coU layer *nd parlgloooemlar Uy^r. mUo vscprcMod the 
O ABA-aythcslxing cttxyme CAI>o ('^o FSg. 4 A^). TH, wlildt is 
a chaTvcteristic fbattiro of the dopaminergic pe/iglomcruUr nou« 
fOtUt. was dearly expressed In some of tho BrdlMabotod cotU 
within tha perlglpmorular laynf (^Ig. arromk^ad^ M>d /n^f). 
None of the BrdU-lobolcd cells stained posiUvoly for tlw glial 
coaxKer CFAP, neither within tho a ttrocy to-rich RMS (sco iHg. 
M) nor wiihia the olfactory bulb (see Fig. 9^). lo addidoiu tio 
colls w«r« double-labeled with BrdU and tho raceptor phisspho- 
protein DARri*-32, which Is preaont In the medlwca spiny nou- 
ronj of tho striatum but not normally axprea«ed In neurons of the 
olfactory bulb. Table 1 givas a ^i^miquanUUtlva summary of 
neuronal and ftU&l differentiation of the traniplantcd cells within 
tha RMS ap^ tho olfactory bulh. 

Using a humoa-spcciflc antibody to thc cytoskctclal protein 




Figure 7, ^OMx pO M« r UJi»»l#toCl«n ef m 
irww^Al to in* S VZ« In « ««flU«l Bov^ 

ftUftCftU«A. f»n v««rvlcw of the In* 

j««tlon •rt« ef DrdUU*b«Ud c«ilU 
(fTvm) Mid ftMir dUCribullafi thfou^lf 
€Mit |K« RMS. Jn tK« oir«ctory boJIw iSa 

(buUc«l«tf In Ue ipp mmtmi}^ with 
BrdU-l«b«lcd cctU showo in fvwvM wnd 
cho NcuN alkCMm In m^, X>oubt«.|«^Ud 

ulu pru«nc In buJ^ di<^%y • 
r-^ (C Tr«4wpi«ac ctkra: . ««iu 
mIcraUng ftlcwi th« HMS; C ta 
Um ir«#iul« c«n of Iho Mmmutry 

b»lUS««l« btt/.230 iftoi.acf.JnlcvbunMc 
pofiCoa of Ibo onlorlor vooKsiMure: yr/. 
granulo coU Ujoc 



tftu. po«Ulve *lnlnlng wn« observed «l Uic Ix^cction aiCc Xn both 
cellular and aXOrlAt ptOfilM (FI;. l/t). Typtttlly. CCltl lh«t rc- 
ni«lned «i Um eora or olcnitcci otUr a Khort distance Iron 

th« »fnpUn«ation alta dd>vOtopod ftxonj iKat proJ«ct*d Ulcrally 
>Aio cither (he corpu* caUomtm or pirlotum adjncont to iHo tran»« 
plant (l*IC.*VLi7>« TVu-potittvo calls wcra diccributad aJong tha 
RM£« Kcvornl mUUmctor* from tho i^t^^ix tUc (Fitf. 3 CP). Th<HM 



calitt ofton showed a ahort leading procew, oriented in tho direc* 
tloA Of the HMS (Us. '4). SnuOJ tku-po«ltive profile* wcro ob- 
served In tha dtcpor Jeycru oC the olfactory bulb, and eccmlonaUy 
raacora cells with oxtornalvc procCMCJl were found trt thU rcfijon 
(Fl^ 9^/*). H(bH bncksround firom ti%e liziuwnabintoetfomleiit 
procedure pfccluded tha idcTittf^t&on of tHO-pocicWa proXiloj in 
xH0 perls lomcrul^x >*y«r. 
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J. Mmrexi.. Jul/ itf, two, T*<i*y»ono tio^ 



Urmfc core RMS Grwnilor Uycr f'Cflalot^aqrXitaf Ivycr 



Hu 


0 






4--*- 




o 








NcuN 


0 


0 








0 


0 






TM 


0 


0 








0 


0 


0 


0 


OPA> 


0 


0 


0 


Q 




0 


0 


o 


u 



Hu ^♦^^^ ^^^^ ^ A 

/v-ivtiuiiD-in ' -♦--*-++^ ^^^^ — o 

Oa^.t - 0 0 - - 

TH O 0 0 0 o 

DARPP*ia U 0 0 0 0 

CiJblndlA •4--»"l"#-T ^^^^ 0 0 

OFAr ^ ^ 0 d -♦-«- ^ H 



C^aft coro vun #rom cere U.4— 1^ mm trom irorc 



NcuH 0 O . a 

OAD^T -f-^ 

TH 0 0 0 

DARPM3 0 0 

CAlblndin 0 ^, 0 



mu* wicm: )i.«imi ^-w. 4).«(rc: 4.^.^^. 4i-M>ii(: ^WK. 



TYtm Htppocompus-* 

Tr«n«pUm< of 100,000 cdli w<iro pl«c«U wUlUn the hilar irgfon of 
Yh« <loni*lo tr*^^ ^< bbiH 2 and 6 w<«k4 aftar Br»fUnc many of 
tita injected 0«dU-po«iliy« ccJU remained u • elu»icr Ju«t bdow 
tK« cf^nuie call Uy^r (Fig. SA), This poalilon of Xhc eatl daposJt Ja 
char*cterUtac for cdU that uc Implaoicd pa«<ive iajoetton Into 
the d£ni&ie tyrui, 66£au»c of the pmscocc qi n clonvaEp piano 
undemcath the ^ranuU celt layer (Wclla cc al^ 19B8). A algalflcafit 
prvp^»r«ion cK tha DrdU-poaiUva calU. ho>w«vcr. had migralcd 
within tho KUhsfanutar Uy«r of the dent#la cyrxis and Into iha 
0r«nwlo cell Uyer it#clf (Fifi. SU^y la «dd£i^n. aooiQ eells w«re 
lound tfeaiccrad In the hUua and the molecular layer of dio dmnLata 
tT^u*, a» wall lu In tho o««clyiot CA3 mc'on. The CKtcnt oX cell 
miltfaltOA wiiA «imUar at 1 and 6 Wi«akw. Typically. eolU thai bad 
mlcrated loncer dlvtoncc* fro to tha transplant euro ware more 
wcvlcly Ubclod wUh Brdl/, augiscKUng that tbe mltfc^tod ccUii httd 
undercona further call dlviaiont. 

The DrdU^^label^d ceU« tbMt had tbtcg^otcd mIO the K^ntdar 
ahd aubcninwlar lay«r» had the aame also and shnp^ aa th« 
Iniriiu^ liOtfl grtutulo colU. and a Ui-C<» nttfpbar oCtKcm vxpreMCd 



tbo ncttxoaal tnaxJccn Hu (Fit. SB), NcuN (FXc. 5C). and 
/i^-tubtilin-IXI CFSfi. SD) at both time potnu. Tlie i^blndln marker 
tliat la ehvrmctsoBilc for the Intrlaale cranuta colU waji eJoarly 
praaant In many o( tbc tran«p]antcd c«tl« mi 6 weeka but riot at 2 
vrcelu after u«n«pUAtat{on« Oocaalonal BrdU/Hu doubU-labcIed 
cclU. but no BrdU/KeuN or OrdU/calblndl«i doub|o4abelcd cclU» 
wcbro found eucatdc ihaM |jky«vv« A l^r^ propoTlion nf tito trana* 
plantod colU within the (rmnula ca|l |aycr WOro caiblndin potltlva 
(ng. SS)„ No BrdU/CADttt double«labclcd ccllt were observed in 
thcae iranaplanu CFi|^. SP^^ Simllarty, do cdla that cpcaprc9acd 
BrdU and J3Alt^^-92 were ob«crvad wlihia any region of tha 
liippOGarapwff. BfdU-lflkholod celU oitpYcwInf Iho fllal marker 
OFAP WfTTe found In area* outside the dontata gyrvrf, both la Uic 
CA3 area and la eroaa close to vcauicle os well as within or eloto 
to the graft cnfa (ace Fig. 9C}. The extent of neuronal and (Uat 
dilfercntUtlooxif tho transplanted cells within each region of Itie 
hippocsumpus Is ^ven In Table 1. 

Stmlnln^ wfth the hTsU Mrttlbody rowaJod acattarad ajiOnat and 

edlular profiles, both within tho graft core and In Individual cells 
that h«d migrated away from the Initial Iranaptant •lie wfihin the 




rir^ J. 0*«n« to lh« SVX« alAUcd with ■ hwnftM{»«clAc ftAtfbody to l«U, ftt d M^MkA ftrt«r^«A«^*AlW{l«f«.^» £*S'tt*t «*etlMi sliowlAf w u— w > Mil 

n«uron») pr«»«« •( Itt* ^Iphery of tha tr«A»pl«nt <^> micraf ln< 4n the JIVIS (C O), -C; Z', ImJUIdu.J *aa««^ dMp within tb« oliftctety bulH, 

tMmlny morpS9lpR«c«l f»«mT« o( mMure neuron*. Scmlm hmwmtA, ICQ pMto; (shown ^) B-T, 10 
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^•Mv < Confoc*) la«cw of BrAWmhmM {grm} a«l d^b 4 ^ Ub^ Utf c«lU (>^V> «/««M|U4iM»4 Ia tM RMS.^. A tTP<caal gnCt ui 2 w«eka ■iinr 
tT«Mot«fikftil«*n. •Uu«bctf Ifl (b« SlM$ with OAly nod^mlA mlKwtlon oT y«^(U4 moXlm In cUtlMr riMtnl afvd c*ad»l 41 r<*CliOfl tki« «n1t cor*. Ji, Al tf w««kj 

•lt«r tr wpU#t«aoo c«n> »<m mltrmclot •loov «l%e XMS. A mi^l proportion of tba tr»Mpl«ml»a c»ll« w«ro Ubvlotf wllh lK« ««rly b^fO^U n^rlMf 

p-4«buUo Ul Ni l A). YSI« MfkMtr aUo pfuenl ta fnugr o( iKc Ko«C coll« within iKJ« p^tlmy. C. Tc«n«plMl0d cslfa were found acAltesvU 

«ltf«H»«ho«4 lh« olUclotr bulb. Many o{ lh«ai «M9r* poalUvw <«rmwA«o^), Indicating t>ialr dUTcmcIscZon lo ••vMauron*) pKonotypo. WliKIa th« 
KrWtul« c«|t l«7«r Bi*r\y e( Iho SrdWiiboM ^»«r« Ca.D^ po«iU^. WiilJa tK* p«H«lofo«nil«r Ujrer^ BrdU«p^t1w c«U# fti^Uod po«ltlv»ly for cliKcr 
CADa, (O or Tit ir)*if*0^»K»^ Indlvldukl df»wblo4ttt«kd In h(c^«r f<»«<rtAtetl«fw^^«' ln^m»fV« ^TH-fc^*d^ tr«Mpl«nt*d celt. Se«U b*r 
i»tu»^n la^):^, 13Q Mm: C. SQ M«J X>-^. « M»- 



«0M J. Hmjn>*cU July 13. iwt. i*o*>:30»o-q001 



Fdolw «t vL • TVwnaptanutton of Hi 




wMHt* ^tihvr «h« «Of^ or «mifW bUdw of Uto sranuta coU lay«r (CCX) la «b« d«n4MO ftynM.^, C 9/ 2 Wmtti Mtlor IraiMpUnUllon. Hu« 
r*ovN*POfJU*^ OnSU-l«OolcO vcJlt waro ob«crv«d al Kimo dUl«nc« tmn %Lm tntr «on»« ai«^nfy In Umi •uUcraimUf Wyvr and alvo wliKIn |Kd tr*nulo 
ecu Uy«r (.fr^oWNr*^).^, BrdU-Ubo)cd mitwp*****^ oelU potiU^ tor lh« Ck««i«6»<J oiarteof 0^bulU»J]I <«itowAm^> *rttf» lotmd bolK ■'•ft 
f»i« kAd III celU lh*t hftd nicntcd AJonf tlk« •ubcf-««t«r UymU £, Al w^k. Omi not •! S Wka) tr«nipUn««Cto. f *^*??*7-PSS';tri.5f"'J^': 

Ob>«r%«d l» M«« tf*^^ **yo^ (rt/*vwA«^>. ffd GA27«<i>««ltlT« JiiC«RHiunu»» ^-ot «bMirvcd.^««rtfi •ho^ an Ind Wdu»l ^^buUn-III/ttrdU-Ubdcd 
cctl In Ihc dwkUr of r" ^od coUm in iho tubfrimilaT Inyorln «nd two nlblodia/BndU4ftbc|cd ocii« wUKIa Iho doOp p«Jt of tho sranulo cell Uyzr, Arromi 
Indicate •loplc4«bclcd BnSU«p<niUTti cclli. Simlo bar iahawn Jn^):><, UO |*m; C "73 ^ud; U-r. 50 /im. 04J, CO mgloo of hlppocamput; Afl^ 
moJccuUr Iftycn CCC» s^^uIa cell lajrar. 






/^(fu«^ d MJppoe«Op&J (rmnffplsnU «U(ncd with thd. 
hTati *nf Cbody.^, A miupUnt tn th« d<fttfci< cyria *r 6 

lyplfiOly ImMAMt &£wrMAl prdUlo with on* prtwnuty 

witb oior* oomples pcocowc*, sUutticd wlihia fhc miS* 
gruular l')rcf (frr0»^hvod In A), Scale b«r (show* In^): 
SJO funt C, 3C pun. ML^ MolocuUr Ur«>v: CCL. 



<clla (KppCHrcd fairly Jmrouturc, wUb « fow ihon Tau^poalUva 
proc«uo. At 6 wsbIu, ccUti Vrlth ia6rpK&kl^c^c«t foaturu oC s&oti« 
to€\9 with proc<««c« were ob«ervcd (fl?. rtif.C). Tau-po«itlvc ceiU 
were aUo aoon La the btlua and molecular layer and along Uio 
needle tract. 

Tho «trl«tum 

Tito lr«n»pt«nts wcro placed cencnJIy within iho h«ad of the 
Mu^«t4.put«eacn. Al'-botb 2 mad d wocJca i^ftor cr«ftlnfi, tho 
sraficd cclJ« were found aj a BrdU-Jabclcd c«U c<ujtor at the aJtc 
of lRipJ«n(4itton. Many of tho BrdU-lab«Ud cells. hOM^ver, war^ 
obMrvotf Co finvo mlfftiated JnIO tho aiUTOuntibiy hoat atruiitum^ 
'^''Ithovt »ny pi-efer^ntl-l direction. lO ■ c«at*f>cv pf mtn 
from the groA core (Fig- 7v4).Thc alxe of indivfdunl BrdU nucldi* 
v«Hod eort4fd«rably, both within th« gr^ft core ajvd In celU that 
worn locatod (n tho odjaconi host atHatuta (<0«4 mm from th« 
graft core). AH of the eeJU »h»t'h»d v»»tjT»tcd pwr lan^^ dla- 
t«ac«s Wore of scnaU aizo and moro faintly labeled, auggeatlog.a 
dilution of the BrdU label ntuod by cell divUioA. In aaglttal 
aectlonc tha DrdU-potltlvo. colli could bo *ocn to b« aOgned with 
Iho gray uiotlcf. Inienpcrfed ^ith tba i^^i7 of lotema( 
capmie. 

I>ouble-«t«Jnlng rovcaJcd thot Iho tnajoWty t>t tho B/dU- 
po«itlvD ecU« In tho graft core and In the adjacent host atxfaium 
wcro (foubla-labolcd for tho oarly neuronal raarker Ku (Fig. 7£) 
but negative for NcxiN (Flg.7C). Many IlrdU/Ku doublo»]abclod 
<:clU occuryod alao at the grafUlvovt border and within tho adja* 



cent hofi atrlatiAai. up to o diatanco of — 0.5*0.4 cnm ftoni the 
graft eoro. Although tho majority of tha Mu-poalilva c^lU within 
tho szmft core w^ro am^ll in aUc and round o^ oval In ahapc. 
almllar to tho Hu.poaJtlvo colli within tb« SYZ of the hoit brain, 
a aubftantlal proportion of tl>a BrdU/Hu*po«ltlvo colla a( tha 
l^ofc^h^t border and In the faoaC atrJaturn wcro .larger In al^ee 
(10—15 fun), i.o., in the rmngo of ttio Hu*poaltivo neurons yvithin 
tho hoct ftriof Una. Hono tho CclU cXproaiod Kc\iN, which U olao 
tha ea«e« however, for mott oi the host tulaial Aciuo^ki, All 
BrdtJ4atKiled coJia located farther away from Che graft core were 
Hu n«g«tlvo* Thoao eoUa vrom all of amall alza and often fovnd In 
aatcOlita poaltiona^ cloacly appoaad to hott ttrlatai fieuront (Fig. 
7C, arroMtf) or cloao Co blood vcaaoU, Tbo Jocatton a«\d ftalAJng 
propoTtlo« of theic amoll-alzod colla avggaat that they had dtlTor- 
ontiaCcdt at Icaat in port, into glia. Cotooolhcatloa of BrdU and tho 
aatroeyta marker O^AF waa una<)ul vocally damonstraia^ at tha 
gn^ft-hoat border, Lo-. within tho aroa of GFAP-poaltlve reactive 
aatxocycca avrroundlng the gr»fX core (m« Fig. PD» ir«m>. 

Tho ncurOQ&J plia>oiypo of Iho tranaplaatcd ccllm waa f uftJtar 
iAi^ttJgatod ualng onHbodiea agalsvt tho OASAfoynthoalaJng en* 
zy mo O AD^if , which is present In the voat majority (>90%) of Uio 
neurons wUhio tho atriaram; DARPP02* wlilch U a ma#kor for 
tho modium^^ed spiny striatal projection ncuronr. and calbl* 
ndin, which la.normalty prciecki (n tho medium aplny projoetlon 
nouroiw in the matrlA component of the atrJotum (for re v ie w. »«« 
Gorfotl. 1991). BrdO/GA13tfT doublo*l«bolod calls were obiorvod 
both In tho traoaplant core and within the host itriatuitt at the 




cure «l 



IrJ;^^ ■ iT / A I'/r'^'^ *^ •I^Wib^r «..tnmc.dan, ftUo Oia«T«t«d In /^,^. Mftny 0< lb* lfmn.pl.aucl ••lU w«o po^cl««ly 

•tij»««l with Vlu i-^.*-^^ ^<t;.ln Uh. »t»ri ooro (im<.A«Wr. •nl.iiod In tho |r.«i), C, No DTtlU/N^wN eeobJo-l«b«lcd oalU w*W «OU«id In (b. tt»A Mr. 
nlr.^!^r/l!rt^« I* *^^<^« tnin.pl.nc-d c<U« ih%l%^r« found Jn cIom M*<t«Uoa with N*»iA-M»-IU^ 

Oyvbk^l.O^ icil coll* I. .ho^o .1 WiK^r •..,„inc.liai. In U^c M. C, DftJO/T>A W-Jl ^«Wc.l«balcd ^^tUM^tm tt«<»lon«Jlr oh.«fv«d (•/t;^,,^.^ .«d 
IJ^Si^SJ-ii^uJ'I^ril^? tJIJ^ tcnenJly UloiJ, UbUcd and fi>ond only In ttui lmah»dUlo vidnll/ of tho tmiupl^nt eor«. jr, SlmU»Fiy. 

Ir t«> « i'^^l*' pcHphonr of the ffCI iifid la tdiMMBt r.t<«n« of tho hmt .tH-nim, ^oJo b.v («bo«^n ln^)t 



^^•f «l ^. . >«n»pt^utlon ol Human rroo*nitor C«tt* ^ J. H^i m t d ^ Juty 1 j. lKl«}rav9fW«O09 •OOi 




A S(/Ul4l C/«64p]aAU «Ul«Vcd wlUi the hl^u Axillbodjr. 21 v aflcr tnM^UntacZail. cdcqiuU aACtiOM ««v«*lcd l«u-p«Mftlw« Acuctmal praAJcB 

d«n*«l7 packed wUhIo tha cmfl cvrc <^)'. InciJvlduAl ccJU wlib scuraoMl profll«tf w««« otMcrvad *240 Irt llic ho«t aUi«Cuoi mdjac«ni lO cbc (rvft (amt^HU^t 
ioj4 •JulM), AjuMkttI proccMctf M^m Men to uiend nuilftJIy wlthJrt tih^ soaUcr buadl«4 of Uio InternaJ c*p«tila! (^ nu .,, |nX cnd^), Sc4j» b«n:y<. 
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periphery of the trutspl^u (FJg. 7-D). In ttddlilon, loma BrdU- 
labeled ccU^ cxpnotfccd CAlbtndln (Fig. TX./*, /n^r) ^nd occa^ Jon- 
telly uUo DAnPP-32. Xltc*c cclU were located at the fvcf Iphcry t>t 
tJic u-fin«pJajiU iind In (he adjacent host Bxrinuixn up io a di#(anco 
of — a.>*0,4 nun from l^c Qr*fr-hoifC border and wcra vlmllAi- In 
•ixa «nd sfvip>e to Uvo«o prcAcnc wUhJn the ho«C an-laium. Tho 
UrdU/DARPP^32 doublc^taboJcd celU «^nB only weakly 

D/\APP02 poilrtva but were compAratitc In aixc to the ho«l 
DAl^rr07*paaiilvo neurons (Fig. TE). None of tha irnn^plAntAd 
cclta cjcpreufld Tll. ctihcT wiihJn the ^rufK core or wdliln iKo Jtost 
alrialum. Tabid 1 outiinoA tho extent of orpxoaaSon of nwQtonal 
4tnd glial markon At different dUtanco« £rom the graft core. 

Staining wltti tho hT«u Afitlbody revoked e grafr cor« of elu«« 
tcreU l«u*positiv« eelU and fiber* (Fig. 6v<). Tn aagiiul acctiana, 
lOOve bUOdlc« of Ca\l-pO«ltlro flbarv %«^re aocn to leave the f cmfl 
core in both tho vo»tn4 end CAudaJ dirocilon. along tho whito 
muttar bundlac of the Inrcmel capiute. In croatf tfoetlon. (hcao 
ftbcn were found pruaarily within the «^bl(o matter bundles (Plf. 
BB,armft}, Individual cclU were alco ob«orv«:d el MXnc di'itencc 
iram tbe graft core (Fig. BA,B, arroMfAeaeO). In thoto cues, iKo 
eoU bodte* vrcra often located within (he gray coaticr* with tKcir 
proceaaca projecting Into the ^liUo raatVcr tracts. At 6 weaka« 
t<i4«*po«itlve axon* oould bo cracad caudaUy firom the ffTi^C COCO 
within the internal captulc buindles for a dUlance of 2 nun; 
aozno of these flbera were aadn to enter th^ gtdbui palllduj, and in 
aomc CMacx acaltered tati-pO*ilt^ flben rould be traced aj far aj 
Ihe cotopeduncultk/ nucJeun. 

OI3CU9afON 

Thcxe present rcsultJ thow thftt the Idn^crm propagated humon 
n«wro9p)t«re euliurea contained progenitors th^t CJtn respond In 



ir/wo Io CUC4 prcacnl In both neurogonlo and non-nourogenCe 
regiona of the adult T»t Vralo* The cxprcuion o( phenotyple 
rQMXkcrt provided evidence for alto-spccUlc nourid dtZTcrenHalion 
within OACh of the three sroited reglona. In the olf^tory btJb iKa 
cells Uiat integrated Into tile k'uuW mnd perlgtoraerwlar i*»ycr« 
czpw««d KcuN, TH, and OAD«y« similar to Uic dopaminergic 
•od CABAarglc eelU nortnally preient In chc4c <>aglona* In the 
dentate gyriu aomc of the celll aaaumcd « po^itlOit. morphology, 
end phenotypo aimUmr to t)fO N«uK^lbJodJA-po«Uivo granuie 
eclU wiLhlA tho granule ccU Uyec And in the ■trletura, cclU 
loemted In tho periphery of the tranfpUnta cacpraoaed OAD«^ and 
calblodtn aa wall ai low lovela of the «triVtum<«PocU^ marker 
PAKPP-32. 

A combination of EGF, bl^OP, and UF waa uaoJ lo expand the 
human progeidtorc. Zt bef been chown pravloutly thet BCF nod 
hFOF act ooopeciLUvcly (n pcomotlag tho proliferation of mt end 
humen neurel progcniiort (VevcovS eC liL. 19^^; Wcles et al.* 
1996%; Sveadaea «t at, 1997). bPQF appear* to bo a tnkogen ^or 
.both antpotent and rnultipotont oeuronal and (Ual progeolton 
(Muipby ci ai.« 2990; Vcicovt ct at, 2993; Kay and Oafto, 2994; 
Kifp^trtelc and Benlen, 1995; Felmor «t aU 1995) And mny aet 
broadly to maintain nettral proconltor celU a« ■ eonjiiJrnUvcly 
proliforatlng populedon in wtrQ (Peimcr ct al., 199^. It teem* 
likely, therefore, that the coonbinatioa of growth facton used bote 
leryod to malntalA both rooltlpotent and llnoago»rcairlct«d prO'^ 
gcnicore In con'tfnuoua cell cycle and that the ■bIHty to migrate 
M\d Integrate into the adtiil hoet brain wot cxprc««od by «pec&Rc 
•ubaot* of celit; FievloUi dtudCei euggeet the t the /n Wwo properties 
of/n %Htro Kxpmj%4Qd netiral progenltOTe may dUTer depending on 
the growth factom iae4. KnX Of moutc nctirovpUere cclU ex- 
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fXf yrw P. CK/M* iMcd lo l«b«J ii«trvcyl«* wlihin Uia yrmA uau <nr^ la mMMm^u tKo cxtoot of eolckCidUMioo ^'Ith SrdtJ*Ubalcd trmiwplantcd cstU 
< c»wM).^.CelU withtn ILMS falC WMki *tl«r tT»n»pJ»ot&Uen%>n£r« oTiaq uM>ci*t«d w|lh OPAJ p*ofiJcj^ iJihouf b »%odoublo-S*belrJ c«t(« 

a4«tf«rv«d ^. WltkJn Ut« c^^a^*^ *«r^ oUActory b^itb. Br<tfU.poBlilwa oaU* «i«toro la««nFp«r«od wKli« tiul not mlocAiUsd wfih. OrAf 

ladl£»lnft • dQubU UbW*rt cclU J7. Sl*Iciinc witUn th* fttrUUiav r«v«*l*d • «!•«■• network o( OrA.^-po«Uf<rv pro c «»»«> Kt'^O tnfnralftglMl with |K« 
fi»0U-OA«<it«e ceJU (c^ov). Muxy wfufiplcA of doubta-JAbAl*4 ulU «kf«ro ut*wi md V *JibowcH asafsptoa of BcdU •<ncl*J«^>«i4 «<tM 

w«r* *i*o fy«^u«Atty ofca<»\»d («#tw«««). /«tf«f/ iho-* BftfUASFAr douM«g«bW<id wcJl* «c UcHat AAKnInoitorw So«l« b*T ^aho-m la/<):^, C» SO M% 



ponddO In lh« pr«*«n^ P< COP alono hove gcsoratod pnly jUal 
c«Jl» and no ncuront after utmjplanioHon to chc dovoloping r»t 
Itecb^nlh (WIftkler 6t 3998) or odult t»1 tplnal cord (Kra- 
m«ng ct •!„ 1997>, «a\d tlio/«xKlbU poor KurvUal and intc|^rtoo 
ancr ir«n>planTotJof\ to tho lUS^tum (Sv^nd**n ci M.. 1996: C 
WtftklCT. R. A. Frickcr. A, OjOrfdiind, unimbliahcd ob«Dor>Uocu>. 
By roniroAi, odult rat hippocampat prof;onUoiB cvlturod In tho 
prc»«ncv uC bFOr cjcblbli both ftU^fotion &Ad ncu^(ot«oriI« *flor 
ir«A#plKntA(loA (n the «dult rat br«in (Oaso ct X995; Suhoncn 
ct 1996). 

SU«-«p«clflc dlfT«rontJatlon IHo grottad c*n9 
Jn ihe 5VZa. which U one o( the two »i(ej whcro nourocoocili 
cominuc« Into •dulxhood In iho mnmmiili«n CKS, the cndogc- 
noua rtotironal progonitefi h*vc bocn dhown to migrtio along the 



RMS uid reach Uto bulb within 2-15 d aitor their ftcnor«tlpn In 
th* SVZ« (X.eU and Aiv«x«c»BuylU. 1994). Tbo c«IU krc tIrcAdy 
caoxE&ailtiwd to » noiironaj phonotypo whllo In tho cal^n^tory p«th. 
«Jthou|^ th«y condnuo to dlvido during mi(T«tlon (Monczoa dt 
ftl^ 1993). Tho cdlU c«fiermted by SV3^a poitnmtally vre lotcmcu* 
rocu, abov« aU O ABAorgJc and dopaminortte lotcxnaurpVLit in tho 
^ranidar and p«ristora«rui«r Uyvri of tho olfactory bulb CLiiikln, 
1993; I.ol9 aad Alvaxax-Bvyllo, 1994t Bdlarbet el aL, 1996). 

Tho truiBptAsttcd bavoan neural progenitor cells cxproaaod tho 
early neuronal coajrkarv Ku aod p-ruVuUn-Ilt dwlnft mlgrmlon to 
tho olfactory bulb, Indlatbis that aoma oC tho traiuiplantad pro* 
^enit^rv wejo committod to a neuronal t^to already In tho 
•tmiJar io tho Bpdoc*>'^ouf neuronal progenitors generated In the 
SVZ.a (L«oU end Alvarcr^BuylU. 1994; Monero4 oC al., 1993). On 



rcftCltInK bulb, 8rtlU«po»itive ccUif dUcfibuced .Jn the cranuJv 
unci pcrt(^1omeru2Ar Juyvrt £«<rxprcc:se<) xicuronml markers 

• uch AS Hu And NeuN« «« wcJl hTau. TJill is in a^ccxaoAt with 
previous Tc^uiu oblMl/tad wUh rat or xnoucc SVZ* progenitor* 
(Lujlcin, 1993; LoU nnd Alvarcx-3x)yMu, 1994) ftnd a recent «tudy 
U«InC ir4i\Jpi«Lnt»tion o£ liumun neural -icfii cclU (Jfjax oC 
1990). One Intcrcidfls dtffercncc bctw^^ iho truncpUnted hv- 
fn»n c«lU In th« curroai scudy nnd endo^cnoud SVZa progenitors 
U tlio iimo couTM of fzugraiioni few of thA traAfptanted human 
protfcnUor* h»d cntored the JRAi2 at Z wccka, and many still 
remained dUpcftfod aloog the RMS by 6 wt£Jc», One rcaiion for 
lhi» may b« a ap«cicd diXTcrcnuc. Tran«pUaU of liuman pTlmary 
Cells ahow a znora protraetad dftvelopinvTOt t^an xat-to--ral Krofiv, 
which «Myg«»r« thai the human cc)U retain somo lypu of Internal 
dcvclopmcncu) qlock for their dUtcrcntlAtJoa end maiuraUon 
<Or?aa>nn.Frodt ct aJ^ I99d, 1997), Indeed. £uhon«n «t aJ. (1996) 
xcpuricd that adult nt neural proKonUors aantpliiotod to the 
SVZa in adult rnrj aro dUfrlbutcd along the ent^ro |cn(l(h of the 
IlMS by 1 wcck« and by 8 H'cckj -*900fi ot ihc ccllc had reached 
ch« bulb. StoiiJarly, JLoJs and Alvsrcz-Uuylliv (1994) observed (hat 
SVZa progcs>itori, ImpUntcd into the adult SV^u, reuch Che bulb 
w<rhln 30 d aaer cranvplantatXon. Thoc otMarvaitonA indicate thac 
tho alow onset and protracted time counic ot migruiiun of ttia 
hufionn celt* rellect inlrlnalc devclopmenial oonstTAjnri. 

tn hippocarnpti^ tho troxuplpntcd celis dlctrtbuted along the 
•ubsraaular and granulax layers of the dcnltU CyfU:!. .AllhOUcb 
Cdli were observed oJso In other flayers of the Oentatc and the 
CA3 feftlOA. CcJU expreuJnc ncumnat maricerj occurred only 
'wlthln the aubcranuJar or ^anulur layers, au^utlog that the 
human pruscrvitors, sltnllar to rat hippocAmpbl end Corcbellar 
proterutont (Gage et »1., 19*75: Vieurio-^cjon <t aU. 1995), «/o 
able to respond lo k>cal cve.-« vpeCiAcuily locallzod in these layers. 
The iran^hfon zone bciwcon ihc hJlu« wnd the grai\u)e cell layer 
%% ihc sice where cndogcnoiu neuronal progcnitori aj-o norxsully 
genantcU (Altnaan and Du«. 1966: Attm&A uiJ Bayer, 1990). 
providiDiS « source of new granule coJIa tlirou^bout Mlm (Kaplan 
tend Hinii», 1977; Can»er^n et ai,, 199^; tCvhn el aU l99d), Aji 
judj^eU by roorphoioclcal crkerlo. I.e.. bIxc, shape, nnd djetrlbutlon 
4ar the eclb. Mnd expreMton of eftsrocte rift tic neuronal markers. 
t))c gr4*ftcd pro|Cniiors axe inooeed by local alcnuls to expros» 
neuronal fcafufoa aloUlar to iJio rcudcnl granule cells. It remains 
<o be den»otxjifatcd. ho«'«vor. to what exteoi these newly foraed 
neuron* cax> undergo complete marumtlan usd ««labU«h appro- 
priate axonsi and dendrlUc eonnccrivfty. 

Colls Qraftod to tKo flrtrlatum o^norato both 
fMkurona nrkd ollo 

£aorcaMon of neuronal markers In the soiataJ tranaplants Indl- 
cate that a ■ubstonttuJ fraction of tho crafted human progenitor* 
h«d dcvelopaO toward a nauronal pbanotype. Many of the Hu* 
pofltl^ cclU within tho traruplant core ^re small and round or 
VvaJ in ahapo, aicoUar lo Uie neuronal prcCuriOfS norttudly prasent 
In the proliforatlve vubcpandyma In chcjadult b'ain. Tlt<«< CoUs 
il«d not exprvas any of tfao mOro maturo neuronal markorc and 
therefore may bo elasalAcd ei poorly dUfcrcndaicd neuronal prv- 
curaors. The OaD^,*, ndblndln-. and JDARFPOZ-pOalrivo eclb 
%vcrc cKciusIvoly lQC«t«d at tha graft-host border and within ibe 
adjacent host scrhinim, up to a dUcanco o< — 0.3-0*^ cwn* Thw site 
Mild ahapc of these cells were sSrnllar to thO rOedluTn-sitcd neurons 
of the host itrlatucn. Many of iKcso are CABAerc^ic and stain 
jKjsitfvcly for CAD«-y; one aubelassi the striatal projection neu* 



ronis IS further charvcccrlrcd by the cxprc»«ion of calblndin 
and /or DARPP-3^. 

These data Indlcnle that tho human neural progenitors can 
undergo ncoro^ncsis also in tho tlic tiormoliy non-ocun>gcnic 
eavlronrxiont of iho adult «irlatu4n ond as;sume neuronal phcno* 
type(s) sicnilor to those TOcmelly present hero but that io tbe 
absence of suitable pubairates for nUgration they resnain clo^o to 
tho Itnpiantation site. lAtorDstinsly. in leetlon* atatncd with the 
hTau antibody soeoc of these newly formed ncuroos were s«an lo 
extend inn^ lufon-llXe processes ihAt could be traced along the 
fa«ctcios of the internal capsule to tbe globus pallidus nnd In some 
caaes also tbo entopodunculur nucleus, s distance of —2 tnrcu 

TJie celU that ral^rated cTvcr lon^r dlsraneas wUhin the adult 
striatum were al] Hu negative flod of amnll size. Many of them 
wcXC found ia satellite postlien to the mediuxn*«ixed host srriacal 
neurons or close to blood veasels. sugfestlog that tbey had as- 
sumed a jUal-like phcnotypo (FI5. 9). A mit;ratory capacity of 
immature (dr filial procur* on) within the adult CMS has been 
reported for both asirocyte» and oll^odendroeytea by several 
invesdgacara fDIakcmore anO Franlctio« 1991). £atcnsive astro* 
Cjrtc migration within the adult «KriatUin« aufuJar in extent to the 
one QbscfVed here, hai previously been described In traaxplanls 
of hureon ncunmal progervitori (Svcndsen et al.. 1997) and freshly 
dlssocialcxl huoian embryonic atrlatal suid dioncephalie tissue 
(Pundt et bU 199S). In thess caaca the eajgraCory ceiU appear to 
be clIoJ prceurvors in a pro life rat J va, migratory stage of their 
development. Consistent with this, we observed that eeJIs located 
at progrosaivcly greater distances £rom the trensplmnt oote hud 
k>wer l^cb of BrdU labeling Chan tho cells that lemalf^d ai the 
implantation site, suggcstini: that tha migratLog CcJl4 continued lo 
divide aa Lhcy dispersed within tho KoM striatal parenchyma. 

Impllcationa for br^ln ropoir 

TJie human rwun^sphare culcuccs ore particularly suitable for 
transplantailon in ih«t they caji be harvested and Implunlcd 
without dlssocistJon end detachment frotn a culture substrnte. 
The culn»ro« us6d hi»'e had been expanded up to 10 milUorKfold, 
which means that each iranspUnt of 100.000-200,000 Cells In 
theory eould be derived fr^m a single cell In the orlflnal Cell 
prcparadon. Because Iho in %ftn^ properties of tha eelU were 
Indtatleg^Bhabla ovet* a wide rar>ce of pAAs»ges (from 9 to 21), the 
present culture ryatom could provide an almost tielimilcd source 
of humui neural progenitor cells for Ifanspjantatloo. 

The present results show that aubpopuUtloiu of calls contained 
within the human ncufosphore euliuraa can respond appropri* 
aicly to vpedflC eacreCciluler cues proaent In each cf the fOMr 
target regions In Iho Skdult rat brolo. Bocauae the human neuro* 
aphofw cultures are likely to ccntain a mixture Of multipoteat and 
It ncatfe^ restricted progctiltora, the apeciiio xxugratory palloma 
seen lo the dUTercnl locations may be isplatned either by the 
ebUity of an undUforonilatod atom celUlUce cell to diffcrcnttaie 
alons alternative neuronal or gUot pathways in response to dlverao 
local cues* or aJtemeilvoly. by the presence of dUTeront subpoptj* 
lattons of lineage-restricted neurorMi or glial prccuraorx that wcro 
already committed to spoeine neuronal or glial fatss. The present 

data seem conipatlbla with both alternatives. 

1a conclusion, the lon^tcrm propagated huraen nettral progeft'* 
Iton described hero democut/ote a reroarlcable capacity for ml« 
Kradon, tntegradon, and sito-speciilc dUfer<fttl4tlOA m tho aduti 
brain. The growth factor comblnetlon used here actod to main- 
tain tho progenitors as m consKiuLivcty prplvfarstinK cell pupuU* 



«oo« J. 



lioii wit^oul loainstbcircapttctty to respond to ihoso cxUQC^JIular 
<wci AOrtrtbUy prcMUtl in Iho *dalt CNS, With further rciincmcnt 
of Utc procedure, e.^., by Kppltc^liOn of cell cnrkihnicnt knd celt 
vonins icchniqucA, thl* culture rf9\<m foay provide an oJmost 
uAlifoiicd •ourco of huxnu\ neural pro^eniiorr at ditfc^cAt ml»%cM or 
UlfcrcntUiioo Mid UncA«a rvairtcuen. ^uch cells wUl be Of t;raMC 
inm««t bQ(h wjq cxpc^nrpc««(aJ tool and h3 an oJtcmi&clvc CO 
primAiy embryoaie brmn tissuo far Inu-Acarobral trA^k^i»atA(ius\. 
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One of the impediments to the treatment of brain tumors (e.g.. 
gliomas) has been the degree to which they expand, infiltrate 
surrounding tissue, and migrate widely into normal brain, usually 
rendering them "elusive" to effective resection, irradiation, che- 
motherapy, or gene therapy. We demonstrate that neural stem 
cells (NSCs). when implanted into experimental intracranial glio- 
mas in vivo in adult rodents, distribute themselves quickly and 
extensively throughout the tumor bed and migrate uniquely in 
juxtaposition to widely expanding and aggressively advancing 
tumor cells, while continuing to stably express a foreign gene. The 
NSCs "surround" the invading tumor border while "chasing down" 
infiltrating tumor cells. When implanted intracranially at distant 
sites from the tumor (e.g., into normal tissue, into the contralateral 
hemisphere, or into the cerebral ventricles), the donor cells migrate 
through normal tissue targeting the tumor cells (including human 
glioblastomas). When implanted outside the CNS intravascularly, 
NSCs will target an intracranial tumor. NSCs can deliver a thera- 
peutically relevant molecule — cytosine deaminase — such that 
quantifiable reduction in tumor burden results. These data suggest 
the adjunctive use of inherently migratory NSCs as a delivery 
vehicle for targeting therapeutic genes and vectors to refractory, 
migratory, invasive brain tumors. More broadly, they suggest that 
NSC migration can be extensive, even in the adult brain and along 
nonstereotypical routes, if pathology (as modeled here by tumor) 
is present. 

gene therapy | transplantation j migration | brain tumors j vascular 

Malignant brain tumors, e.g., glioblastoma multiforme, remain 
virtually untreatable and inevitably lethal despite extensive 
surgical excision and adjuvant radio- and chemotherapy (1). Their 
treatment resistance is related to their exceptionaJ migratory nature 
and ability to insinuate themselves seamlessly and extensively into 
normal neural tissue, often migrating great distances from the main 
tumor mass. These cells are responsible for the recurrent tumor 
growth near the borders of the resection cavity (1). It is this 
behavior that has also limited their accessibility to otherwise 
promising gene therapeutic veaors and interventions (2). Intrigu- 
ingly, one of the cardinal features of neural stem cells (NSCs) is 
their exceptional migratory ability (3-10). Indeed, it is their migra- 
tory capacity that has made them so useful in therapeutic paradigms 
demanding brainwide gene and cell replacement in various animaJ 
models of neiirodegeneration, albeit usually in the newborn (8-10). 
We hypothesized that pathology promotes NSC migration to an 
extent not assumed possible based on knowledge drawn from the 
normal adult brain and that, therefore, an approach for targeting 
gene therapy to the most migratory tumor cells in the adult central 
nervous system (CNS) might be the use of inherently migratory 
NSCs to deliver therapeutic genes and/or their products. 

Experimental Methods 

In Vitro Migration Studies. CNS-1 is a virulent, invasive rat-derived 
glioblastoma cell line. Cells engineered to express green fluorescent 



protein (GIT) as previously described (11. 12) were plated to 
60-70% confluence onto 100-mm culture dishes around a central 
S-nrn metal cylinder that was sealed and, therefore, remained 
cell-free. The plate was incubated overnight, by which time the 
glioma cells had attached. A suspension of 4 X 10* dissociated 
fibroblasts (in control dishes) or murine NSCs (in experimental 
dishes) were seeded into the central cylinder (i.e., no direct contact 
with CNS-1 cells) (Fig. 1, arrowheads). A similar number of 
fibroblasts or NSCs, respectively, were placed into a 5-mm cylinder 
placed directly on top of the adherent CNS-1 monolayer ;i:.il 
cultured as before (at extreme right edge of plates) (Fig. 1, arrovi-s). 
The fibroblasts (clone TR-10) were derived from 3T3 cells infected 
with a retroviral vector encoding lacZ, The murine NSCs were 
derived from the prototypical constitutively i^cZ-expressing helper 
virus-free murine NSC clonal line C17.2 (8-10. 13), which, because 
of its well-documented ability to integrate into most CNS structures 
and in a number of normal and abnormal animal models, has been 
useful for delineating the range of therapeutic possibilities for NSCs 
(8-10, 13). (Although self-renewing. NSCs become contact inhib- 
ited; never grow in soft agar; are nonUimorigenic in nude mice; fail 
to incorporate BrdUrd after 48 h in vivo; and respond to nornml 
cues for cell cycle withdrawal, differentiation, and interaction with 
host cells.) The day after plating of fibroblasts and NSCs, the 
cylinders were removed, and the dishes were rinsed and incubated 
for an additional 5 days. Dishes were stained for the lacZ gene 
product Escherichia coli j3-galactosidase O-gal) by 5-bromo-4- 
chloro-3-indolyl )5-D-gaIactoside (X-Gal) histochemistry (8). 

Animal Studies in Vivo. For some studies, not only were murine 
NSCs (CI 7.2) used but also some of human derivation were used 
(5). To establish intracranial tumors, either the CNS-1 r;ii 
glioblastoma line (11, 12) or the HGL21 human glioblastoma 
line (14) was implanted into the brains of aduh female nude 
mice, or the D74 glioma line was implanted into the brains of 
adult female Fisher rats by using procedures previously de- 
scribed (15). Briefly, animals received stereotactically guided 
injections over 3-5 min into the forebrain (2 mm lateral and 1 
mm anterior to bregma; depth 2-4 mm from dura) of tumor cells 
(of a number specified below) suspended in 1 pd of PBS. Animals 
receiving a second implant at a later date of NSCs or fibroblasts 
[suspended in PBS at 2-4x10^ cells per /il as detailed elsewhere 
(8-10, 13)] were injected stereotactically with cells in a quaniit> 
and location to yield the various paradigms described below. On 



Abbreviations: NSC neural stem cell; CNS, central rwrvous systern: GFP, green f luoreKcnt 
proteir\; p-gal; p-galaclosida$e; X-Gal. 5-bromo-4Khloro-3-indolyl p-o-galactoside; CD. 
qnosine deaminase; 5-FC 5-f luorocytosine; CD-NSC CD-transduced NSC 
See commentary on page 12393. 
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ig. 1. Migratory capacrty of NSO in culture. CNS-1 glioblastoma cells were 
lated around a central cylinder (i.e.. free of CNS-1 cells). Fibroblasts (A) or 
iSa (fi) were seeded into the center cylinder (i.e.. no direct contact with CNS-1 
ells) (arrowheads) or into cylinders placed directly on top of adherent tumor 
ells (at the extreme right edge of plates; arrows). After removal of the 
ylinders and 5 additional days of incubation, there was wide distribution of 
ilue X-Gar NSa (fi). compared with fibroblasts {A), which remained localized 
o their'area of initial seeding. 




:he days specified below, the brains were processed as detailed 
^elow (e.g., for P-gal, GFP, BrdUrd, human markers, and/or cell 
;jpe-specific antigen expression). CD-I mice, when used, re- 
reived daily cyclosporin injections (10 Mg/g)* 

Specific Protocols for in Vivo Experiments. NSC implantation directly 
into tumor bed (Fig. Z Paradigm 7). On day 0, recipients received 
injections of tumor cells (3-4 x 10^ in 1 pil of PBS) into the right 
frontal lobe. On day 4-6, NSCs or fibroblasts (4-10 x 10^ in 1.5 
p.1 of PBS) were injected directly into the tumor bed, using 
identical coordinates. Recipients were killed on days 6-9, 10-12, 
14-16, and 21 after tumor implantation. 

NSC implantation at distant intracranial site from tumor bed: In 
same hemisphere (Fig. 3, Paradigm 2). On day 0, recipients re- 
ceived injections of glioblastoma cells (3 x lO"* in 1 /xl of PBS) 
into the right frontal lobe. On day 6, NSCs (4 X 10' in 1.5 ^\ of 
PBS) were injected also into the right frontoparietal lobe at the 
following coordinates: 3 mm lateral and 4 mm caudal to bregma; 
depth 3 mm from dura— i.e., 1 mm lateral and 4 mm behind the 
tumor. Animals were killed on days 12 and 21. 

/n contralateral hemisphere (Fig. 3, Paradigm 3). On day 0, 
recipients received injections of glioblastoma cells (3-5 x 10' in 
1 yX of PBS) into the right frontal lobe (2.5 mm lateral and 2 mm 
caudal to bregma; depth 3 mm from dura). On day 6, NSCs (8 x 
lO' in 2 of PBS) were injected into the left frontal lobe at the 
following coordinates: 2 mm lateral and 2 mm caudal to bregma; 
depth 3 mm from dura. Animals were killed on days 12 and 21. 

Into ventricles (Fig, 3, Paradigm 4). On day 0, recipients received 
injections of glioblastoma cells (5-8 X 10" in 1 fxl of PBS) into 
the right frontal lobe (2 mm lateral to bregma on the coronal 
suture; depth 3 mm from dura). On day 6, NSCs (8 x 10^ in 2 
p.1 of PBS) were injected into the contralateral or ipsilateral 
cerebral ventricle at the following coordinates on the respective 
side: 1 mm lateral and 3 mm caudal to bregma; depth 2 mm from 
dura. Animals were killed on days 8, 12, and/or 21. 

NSC implantation into a peripheral intravascular site (Fig. 4, 
Paradigm 5). On day 0, adult nude mice received injections of 
CNS-1 glioblastoma cells (1 X 10^ in 2 /il of PBS) into the right 
frontal lobe. On day 7, murine NSQ (2 X 10^ in 200 ai1 of PBS) 
were injected into the tail vein. Animals were killed on day 12. 

Retroviral Transduction of NSCs with Cytosine Deaminase (CO). A 
plasmid using the retroviral pBabePuro backbone (16) was 
constructed to include the £. coli CD cDNA (1.5-kb fragment) 
transcribed from the long terminal repeat. Vectors were pack- 
aged by cotransduction of the CDpuro plasmid with the MV12 
envelope coding plasmid cDNA (17) into 293T/17 cells (18). 
CDpuro retroviral supernatant was used for multiple infections 
of the murine NSCs. Transduced NSCs ("CD-NSCs") were 
placed under puromycin selection for ««2 wk. 






Fig. 2. NSCs migrate e)(tensively throughout a brain tumor mass in vivo and 
"trail" advancing tumor cells. Paradigm 1 is illustrated schematically. Section of 
brain under low {A) and high (B) power from an adult rat killed 48 h after NSC 
injection into an established D74 glioma, processed with X-Gal to detect blue- 
staining 0-gal-producing NSCs and counterstained with neutral red to show dark 
red tumor cells; arrowheads demarcate approximate edges of the tumor mass 
where it interfaces with normal tissue. Donor X-Gal" blue NSG (arrows) can be 
seen extensively distributed throughout the mass, interspersed among the red 
tumor cells. (Q Tumor, 10 days after NSC injection, illustrating that, although 
NSCs (arrows) have infiltrated the mass, they la rgely stop at the junction between 
tumor and normal tissue (arrowheads) except where a tumor cell (dark red, 
elongated) is entering normal tissue: then NSCs appear to oUov/' the invading 
tumor cell into surrounding tissue (upper right arrow). This phenomenon be- 
comes more dramatic when examining NSC behavior in a more virulent and 
aggressively invasive tumor, the CNS-1 glioblastoma in the adult nude mouse, 
pictured in D. This section illustrates extensive migration and distribution of blue 
NSCs (arrows) throughout the infiltrating glioblastoma up to and along the 
infiltrating tumor edge (red arrowheads) and into surrounding tissue \n juxta- 
position to many dark red* tumor cells invading nomnal tissue. The 'tracking" of 
individual glioblastoma celts is examined in greater detail in £-< where CNS-1 
cells have been labeled ex vivo by transduction with GFP cDNA. (f and f) Sister 
sections showing a low power view of transgene-expressing NSCs distributed 
throughout the main tumor mass to the tumor edge (outlined by arrowheads). 
Sections were either costained with X-Gal (NSCs. blue) and neutral red (tumor 
cells, dark red and elongated) {£) or processed for double immunofluorescence 
using an anti-p-gal antibody (NSCs, red) and an FrrCnconjugated anti-GFP anti- 
body (glioblastoma cells, green) (f). Low (G) and high (H) power views of tumor 
edge (arrowheads) with blue NSCs (blue arrow) in immediate proximity to and 
intermixed with an invading tumor "island" (dark red spindle-shaped cells) (red 
arrow). (/ and /) Low and high power views, respectively (boxed area in / a 
magnified in », of a blue NSC in direct juxtaposition to a single migrating neutral 
red", spindle-shaped tumor cell (arrow), the NSC "riding" the glioma cell in 
"piggy-back" fashion. {K and L) Low and high power views, respertively, under 
fluorescence microscopy, of single migrating GFP* tumor cells (green) in juxta- 
position to 0-gar NSCs (red). Region indicated by white arrow tn /C and magnified 
in L illustrates NSCs apposed to tumor cells migrating away from the main tumor 
bed. (Scale bars: A 40 nn\, 30 turn in B; C. 30 tim. 25 in 0; f. 90 urn, 100 ^m in 
f; H. 15 ,im. 60 Mm in G; J. 30 ^m. 60 ^ in /. 70 in fC. 35 fim in I.) 
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Fig. 3. NSCs implanted at various intracranial sites distant from main tumor bed 
migrate through normal aduK tissue toward glioma cells. (A and B) Same hemi- 
sphere but behind tumor (Paradigm 2). Shown here is a seaion through the 
tumor from an adult nude mouse 6 days after NSC implantation caudal to tumor. 
In A (as per the schematic a coned down view of a tumor populated as pictured 
under low power in Figs, 2 A and 3 A and B), note X-Gal* blue NSCs interspersed 
among dark neutral red+ tumor cells. (B) High power view of NSa in juxtaposi- 
tion to islands of tumor cells. (C-H) Contralateral hemisphere (Paradigm 3). (C-0 
As indicated on the schematic these panels are views through the corpus calto- 
sum ("c") where ^ai"^ NSCs (red cells, arrows) are seen migrating from their site 
of implantation on one side of the brain toward tumor on the other. Two 
representative NSCs indicated by arrows in C are viewed at higher magnification 
in D and £, respectively, to visualize the classic elongated morphology and leading 
process of a migrating neural progenitor oriented toward its target. In F, ^^al* 
NSG (red) are "homing in" on the GFP* tumor (green) having migrated from the 
other hemisphere. In G, and magnified further in H, the X-Gal* blue NSCs (arrows) 
have now aaually entered the neutral red* tumor (arrowheads) from the oppo-" 
site hemisphere, (/and J) Intraventricular (Paradigm 4). Shown here is a section 
through the brain tumor of an adult nude mouse 6 days following NSC injection 
into the contralateral cerebral ventricle. In as per the schematic, blue X-Gal* 
NSO are distributed within the neutral red'' main tumor bed (edge delineated by 
arrowheads). At higher power in / the NSCs are in juxtaposition to migrating 
islands of red glioblastoma cells. Fibroblast control cells never migrated from their 
injection site in any paradigm. All X-Ga I- positivity was corroborated by anti-0-gal 
immunoreactivity. (Scale bar. A. 20 tim, and applies to C; B. 8 pm, 14 ^ in D and 
30 /im in f and G, 15 ^um in H, 20 ^nn in /, and 1 5 /im in J.) 



Oncolysis Assays of CD Bioactivity. For in vitro assays, CNS-1 cells 
(2 X 10^) were plated onto 10-cm dishes (day 1). On day 2, 
murine or human CD-NSCs (5-10 x 10^) were added. On day 
3, 5-f luorocytosine (5-FC, 500 ^g/ml) was added. Control dishes 
included (i) cocultures with no 5-FC and (//) tumor cells alone 
with 5-FC. On day 6, plates were stained by means of X-Gal 
histochemistry to visualize NSCs and with neutral red to visu- 
alize tumor cells (Fig. 6 A and B). The number of tumor cells was 
extrapolated from the average of 20 random high power fields 
per plate. For in vivo assays, animals bearing CNS-1 cells (7 x 
10^) alone or CNS-1 cells interspersed with CD-NSCs (33 x 10^) 
received 10 i.p. injections of 5-FC (900 mg/kg) over 10 days. 
Control tumor-bearing animals received no 5-FC, 5-FC without 
NSCs, or NSCs without 5-FC. One day after the last 5-FC dose, 
the brains were cryosectioned and stained with X-Gal and 
neutral red, and measurements of the tumor were made from 
camera lucida drawings of the mass from interval sections 
through the tumor from which relative surface areas were then 
calculated by image analysis (Fig. 7). 




Fig. 4. NSCs injected into Uil vein 'targer Intracerebral gliomas. Paradigm 5 
is illustrated. (A-O Progressively higher power views of representative 10-|im 
sections through the brain 4 days after NSC injection, processed -with X-Gal 
histochemistry (A) and anti-p-gal immunocytochemistry (B and O to identify 
donor NSCs and counterstained with neutral red to delineate the tumor border. 
(The ^-gal immunoproduct, in addition to providing independent identity con- 
firmation, typically fills cells and processes much better than X-Gal.) At low power 
(A), X-Gal* NSa (representative X-Gal precipitate enlarged in Inset) are distrib- 
uted throughout the tumor but not in surrounding normal tissue. Sister sectiorts, 
reaaed with an anti-p-gal antibody and visualized at higher power in B and 
further magnified in Cconf irm the presence of donor-derived cells (arrow) within 
the tumor. (Scale ban A 25 ftm, 20 m^i B, and 12 ;im in C) 

BrdUrd Uptake by Engrafted NSCs. Selected animals received three 
i.p. injections of BrdUrd (1 ml/100 g body weight of a 20 
stock solution) over 24 h before sacrifice. 

Histopathological and Immunocytochemical Analysis. On the days 
specified in the paradigms above, animals were killed, and 10- to 
15-/im serial coronal cryosections from 4% paraformaldehyde- 
fixed brains were processed for light microscopy with X-Gal 
histochemistry to identify /acZ-expressing blue donor cells (8- 
10, 13) and counterstained with neutral red to detect distinctively 
dark red, elongated tumor cells (2). Sister sections were prepared 
for dual-filter immunofluorescence where an anti-/3-gal antibody 
was revealed with a Texas Red-conjugated secondary antibody 
(1:1,000; Vectastain) (to identify donor cells as red) (8-10. 13), 
and an anti-GFP antibody (1:500; CLONTECH) was revealed 
with an FITC-conjugated secondary antibody (1:1,000; Vec- 
tastain) (to recognize CNS-1 tumor cells as green). BrdUrd*- 
intercalated cells were identified by an anti-BrdUrd antibody (5). 
Sections containing human NSCs were additionally stained with 
multiple human-specific antibodies, including against to ribo- 
nuclear protein (Chemicon, 1:20), against NuMA (Chemicon, 
1:40 and Calbiochem, 1:400), and against the human EOF 
receptor (Upstate Biotechnology. 1:100), revealed by a biotin- 
ylated goat anti-mouse IgM (1:250, Vectastain) followed by 
the standard ABC and diaminobenzidine (DAB) reaction 
(Vectastain). 

Results 

This study's focus was documenting the migratory behavior of NSCs 
(specifically those reported to be effective delivery vehicles for 
genes (5, 8) and viral vectors (10)] in relation to aggressively invasive 
experimental intracranial tumois in adult brain and then to arm 
some of these cells with a bioactive. therapeutic gene requiring 
relative proximity to tumor cells (allowing oncolysis to be a measure 
of the efficiency and specificity of gene expression). 

Migratory Capacity of NSCs in Culture. To visualize the migrators 
properties of NSCs when confronted with a tumor, in vitro studies 
first assessed the relative migratory capacity of NSCs compared 
with fibroblasts cocultured with glioma cells. In contrast to fibro- 
blasts, which remained localized to the area of initial seeding (Fig. 
I A), NSQ migrated rapidly and interspersed throughout the 
glioma monolayer, far from their initial site of seeding, robustly 
expressing lacZ (Fig. IB). These patterns were observed whether 
the cells were plated directly on top of (i.e., in direct contact with) 
the glioma cells (arrows) or merely within the same culture medium 
and environment without direct contact (arrowheads). The migr;;' 
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g NSCs then became contact-inhibited and quiescent (do not 
corporate BrdUrd; ref. 5). 

ftCs Migrate Throughout and "Surround" Tumor in Vivo. To deter- 
ine the behavior of NSCs introduced to brain tumors in vivo, adult 
ts first received an implant of syngeneic D74 rat glioma cells (19) 
to the right frontal lobe. Four days later, J^cZ-cxpressing murine 
SCs were injected dirertly into the tumor bed (Paradigm 1, Fig. 
, Animals were killed at 2- to 4-day intervals after intratumoral 
jection and brain sections processed to detect 0-gal-producing 
SCs. As early as 2 days after injection, X-Gal* blue donor NSCs 
sre found distributed extensively throughout the darkly neutral 
;d-stained tumor mass (Fig. 2A), Although the transgene- 
qjressing NSCs remained stably intermixed throughout the tumor 
"ig. 2B, arrows), up to and along the infiltrating tumor edge, they 
rgely stopped at the border of the tumor where it interfaced with 
Drmal tissue (Fig. 2C, arrowheads) as if "surrounding" the ad- 
incing neoplasm. Normal adult parenchyma presented a less 
irmissive migratory environment to NSCs, except under one 
rcumstance: where tumor cells began to infiltrate normal brain. In 
tose instances, the NSCs migrated slightly beyond the tumor edge 
t conjunction with — as if following or "trailing" — individual 
ifiltrating tumor cells (Fig. 2C, arrow). This phenomenon was most 
ramaiic when examined in the contexi of the more virulent and 
5gressively infiltrative CNS-1 glioblastoma cell line (11) (Fig. 2D), 
hich, in adult nude mice, demonstrates single cell invasive char- 
rteristics analogous to those of human glioblastomas. After im- 
lantation as per Paradigm 1, extensive migration and distribution 
f P-gal+ donor cells was again noted throughout the darkly 
rd-stained infiltrating tumor mass, up to, and along the encroach- 
ig tumor edge (red arrowheads), with further migration into the 
jrrounding tissue in concert with and in virtual juxtaposition to 
ggressively invading tumor cells (Fig. 2D, black arrows). 

SCs "Track" Infiltrating Tumor Cells. To better distinguish single 
amor cells migrating away from the main tumor mass, CNS-1 
lioblastoma cells were labeled ex vivo by retroviral transduction of 
JFP cDNA before implantation (12). After implantation (as per 
'aradigm 1) of /acZ-expressing NSCs into the GFP-expressing 
:NS-1 tumor bed (Fig. 2 E-L), NSCs could not only be seen to 
istribute themselves throughout the tumor to its invading edge 
Fig. 2 £ and F)» but could even more clearly be seen to "trail" 
;lands of tumor cells migrating away from the main tumor mass 
Fig. 2 G and//) as well as individual aggressive, dark red, or GFP'*', 
longated infiltrating tumor cells (Fig. 2 /-L). Of note is the 
requently observed apposition of transgene-expressing NSCs to 
□vasive tumor cells (Fig. 2 /-L, arrows). The NSCs themselves 
lever became tumorigenic. BrdUrd pulsing of animals before 
acrifice confirmed prior observations that donor NSCs were 
[uiescent in normal tissue (5), nonmitotic (Le., BrdUrd") in the 
leart of the tumor, and with an occasional NSC that could still 
ncorporate BrdUrd at the advancing edge, a situation optimal for 
argeting therapy toward invading tumors. The vast majority of 
>ISCs remained not only quiescent but undifferentiated, expressing 
)nly nestin. 

«Cs Implanted Intracranially at Distant Sites Migrate Toward Tumor. 

To determine whether NSCs have the capacity to migrate specif- 
cally toward the tumor, NSCs were injected into uninvolved 
ntracranial sites distant from the main tumor mass in three 
;eparate paradigms (Fig. 3). In each case, donor NSCs migrating 
hrough normal adult tissue "targeted" the tumor. In Paradigm 2, 
^SCs were injected behind the glioblastoma. NSCs were always 
bund distributed within the main tumor bed, as well as in appo- 
rtion to migrating tumor cells in surrounding tissue (Fig. 3 A and 
5), with very few NSCs in other locations. In Paradigm 3, murine 
N'SCs were injected into the contralateral hemisphere. NSCs (flu- 
orescent red or X-Gal* blue) were seen migrating across the corpus 




Fig. 5. Human NSCs (hNSCs) possess tumor tracking chararteristia. (A and B) 
Rodent CNS-1 glioblastoma cells and human NSCs were implanted as per Para- 
digm 3 into opposite hemispheres of an adult mouse. Pictured 7 days later at low 
power iA) and high power (B) is a section through the neutral red-stained tumor 
(outlined by arrowheads) intermixed with human NSCs (identified by their brown 
nuclei following reaction with an anti-human nuclear antibody) (arrows) that 
migrated from the contralateral side. (C-f) Human HGL21 glioblastoma cells and 
hNSCs were similarly implanted into opposite hemispheres. Pictured at progres- 
sively higher power are sections through that neutral red-stained tumor inter- 
mixed with human NSCs (K-Qa\* blue) that migrated from the contralateral side. 
(Scale bars: A 20 nm, tim 'm B; C, 60 30 /im in O. and IS fim in f .) 

callosum and central commissures (Fig. 3 C-£, arrows) , toward the 
tumor (fluorescent green or dark neutral red* masses delineated by 
arrowheads in Fig. 3F), ultimately entering and populating (Fig. 3 
G and //, arrows) the tumor on the opposite side of the brain. In 
Paradigm 4, NSCi were injected into the ipsilateral or contralateral 
cerebral ventricle. NSCs (blue) again were seen within the main 
tumor bed (Fig. 3/), as well as in juxtaposition to migrating "islands" 
of tumor cells (dark red) (Fig. 3/). The only source of blue cells in 
these paradigms was the "distant" NSC implant. Very few NSC- 
derived cells were found in normal brain tissue beyond the injection 
site, except when tracking toward the main tumor mass or near 
infiltrating tumor cells, suggesting that, whereas NSCs migrated 
freely within the tumor, the normal adult brain parenchyma pre- 
sented a less permissive environment for migration. The NSCs 
themselves never became tumorigenic. The tumors in transplant 
recipients were never larger than those in non-transplant recipients. 
NSC-derived cells continued to express their lacZ transgene exu- 
berantly, often in direct contact with tumor cells. These NSC 
behaviors appeared to be independent of the size or location of the 
tumor; findings were similar for large tumors, small tumor foci, and 
even single scattered tumor cells surrounding the main tumor mass. 
Fibroblasts grafted as controls never showed this dispersion or 
tropism, consistent with previous reports (15). 

NSCs Injected into Systemic Circulation "Target" Intracerebral Glio- 
mas. Murine NSCs were injected into the tail vein of adult nude 
mice in which a CNS-1 glioblastoma had been established 1 wk 
before in the frontal lobe. Four days after i,v. NSC injection, albeit 
with low efficiency, anti-jS-gal* NSCs were distributed throughout 
the intracerebral tumor mass, but were not found in surrounding 
normal-appearing brain tissue, elsewhere in the brain, or in the 
brains of control animals (NSC-injected mice without intracerebral 
gliomas or tumor-bearing mice in the absence of NSC-injection). 

Human NSCs and NSCs Expressing a Therapeutic Gene Migrate to 
Tumors. Because of the clinical implications of these migratory 
phenomena, we asked two further questions: (/) did these migratory 
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Fig. 6. Bioactive transgene (CD) refnains functional (as assayed by in vitro 
oncolysis) when expressed within NSCs. CNS-1 glioblastoma cells (red) were 
cocultured with CD-transduced murine NSO CA and fi) (blue). Cocultures unex- 
posed to 5-FC grew healthily and confluent {A), whereas plates exposed to S-FC 
showed dramatic loss of tumor cells (B). represented quantitatively by the histo- 
grams (♦, P < 0.001). The oncolytic effect was identical whether 1X10^ CD-NSCs 
or half that number were cocultured with a constant number of tumor cells. (In 
this paradigm, subconf luent NSCs were still mitotic at the time of 5-FC exposure 
and thus also subject to self-elimination by the generated 5-fluorouracil and its 
toxic metabolites.) 

properties extend to human NSCs? and (//) could relevant bioactive 
genes be expressed? 

In answer to the first, human NSCs (brown nuclei, arrows in Fig. 
5 A and B) transplanted into the hemisphere contralateral to a 
CNS-1 glioma (Paradigm 3) indeed migrated across the corpus 
callosum and infiltrated and distributed themselves throughout the 
targeted tumor (arrowheads) as previously observed. That human' 
NSCs could similarly target a true human glioblastoma is suggested 
in Fig. 5 C-£ in which Paradigm 3 was repeated employing human 
NSCs implanted contralateral to an HGL-21-derived tumor estab- 
lished in the nude mouse cerebrum; again, human NSCs migrated 
from one hemisphere to the other to infiltrate the glioblastoma. 

To address the second question, NSCs were stably transduced 
with a transgene encoding the enzyme CD. CD can convert the 
nontoxic "prodrug" 5-FC to the oncolytic drug 5-fluorouracil, a 
chemotherapeutic agent that readily diffijses into tumor cells and 
has selective toxicity to rapidly dividing cells (18, 19). The CD gene 
provided an opportunity to examine a prototypical bioactive gene 
with a relevant, specific, quantifiable read-out of functionality 
(oncol)'sis) that might be enhanced by tumor proximity. CD-bearing 
NSCs retained their extensive migratory, tumor-tracking proper- 
ties. To determine quantitatively whether a gene such as CD within 
an NSC retains its bioactivity — as assayed in this case by its 
anti-tumor effect — CD-bearing NSCs were first cocultured with 
glioma cells and then, when nearly confluent (Fig. d4), exposed to 
5-FC. Death of surrounding tumor cells was induced (Fig. SB), even 
when the ratio of NSCs-to-tumor cells was as low as 1:4. NSCs that 
were mitotic at the lime of 5-FC exposure self-eliminated. Control 
plates of tumor alone were not significantly killed by the same dose 
of 5-FC. To determine whether this bioactivity was retained in vivo, 
we used CD-transduced NSCs to express this gene within an 
intracranial glioma established in an adult nude mouse (3.5 x IQ* 
NSCs to 7 X 10^ CNS-1 tumor cells in a 1:2 ratio). After systemic 
treatment with 5-FC, there was dramatic («»80%) reduaion in the 
resultant tumor mass at 2 wk postimplantation as compared with 
that in untreated animals (Fig. 7), indicative of CD bioactivity. 




D r r » * 

Fig. 7. Expression of a bioactive transgene (CD) delivered by NSCs is retained in 
vivo as assayed by redurtion in tumor mass. The size of an Intraaanial glioblas- 
toma populated with CD-NSCs in an adult nude mouse Ueated with S-fC was 
compared with that of tumor treated with 5-FC but lacking CD-NSCs. These data, 
standardized against and expressed as a percentage of a control tumor popu- 
lated with CD-NSCs receiving no treatment are presented in the histograms in A. 
These measurements were derived from measuring the surface area of tumors 
(like those in Figs. 2-5), representative camera lucidas of which are presented in 
B~D. Note the large areas of a control non-5-FC-treated tumor containing CD- 
NSa (B) and a control 5-FC-treated tumor lacking CD-NSCs (Q as compared with 
the dramatically smaller tumor areas of the 5-FC-treated animal who also re- 
ceived CD-NSa (O) (^80% reduction as per the histogram in A; *, P < 0.001), 
suggesting both activity and specificity of the transgene. The lack of eff ert of 5-FC 
on tumor mass when no CD-bearing NSCs were within the tumor (O was identical 
to the effea of CD-NSQ in the tumor without the gene being used (B), 



Discussion 

Transplanted NSCs have recently been recognized for their re- 
markable ability to migrate throughout the CNS, become normal 
constituents of the host cytoarchitecture, and disseminate bioactive 
molecules and retroviral vectors (3-10). Intriguingly, this migratory 
abilit)' emulates the invasive spread of some brain tumors, e.g., 
gliomas. Here, we show that an unanticipated benefit of the 
directed, migratory capacity of transgene-expressing NSCs, includ- 
ing of human origin, may be to target invasive primary brain tumors 
(also including of human origin) that have proven refractory to 
current treatments (1, 2). Most gene therapy strategies employ viral 
vectors to deliver genes directly to tumor cells in vivo; however, the 
distribution of genes to the extensh/e regions and large numbers of 
cells in need of attack has been limited. The present study dem- 
onstrates the ability of NSCs to nugrate expeditiously throughout a 
tumor mass and, presumably drawn by the degenerative or inflam- 
matory environment aeated at the infiltrating tumor edge, to 
"surround" the invading tumor border, all while continuing to 
express a bioactively relevant transgene. Moreover, the foreign 
gene-expressing NSCs seem to follow or "track"— virtually ride 
"piggy-back" upon — those aggressively infiltrating tumor cells es- 
caping into normal tissue. Although the NSCs migrate freely 
through the tumor, the normal adult brain parenchyma seems to 
present a less permissive environment for their migration, except 
when NSCs (even at sites distant from the tumor) travel in a 
directed fashion through normal adult CNS tissue to target the 
main tumor mass as well as individual infiltriating, tumor cells. The 
practical implication is that NSCs might actually "seek out" tumor 
foci that may have migrated undetected far away from the main 
tumor mass, not an uncommon occunence with glioblastoma. Such 
behaviors are not displayed by cells of nonneural origin (15). 
Indeed, targeting may be so powerful that even NSCs injected into 
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the systemic circulation may preferentially populate intracerebral 
gliomas. 

Hence, NSG evince extensive tropism for the tumor itself or for 
the degenerating CNS it engenders. That the tumor itself elaborates 
at least some of the tropic cues is suggested by our in vitro studies 
in which glioma cells in culture, isolated from surrounding brain, 
prompted NSCs to migrate, by both contact and non-contact- 
mediatcd factors. Alternatively, or in addition, tropic cyjokines may 
be released by extensively damaged normal tissue. That minor CNS 
destruction alone could not prompt the dramatic migration seen in 
vivo was suggested by NSC transplants into "mock" tumor bearing 
animals, i.e., animals in which a needle was inserted to emulate the 
tissue damage of establishing an experimental tumor bed but 
without the actual implantation of glioblastoma cells; NSCs did not 
migrate toward the site in this circumstance. Nevertheless, in other 
previously reported experimental situations in which significant 
neuronal death was rendered (13), NSC differentiation was altered 
by apparent trophic influences. Therefore, the signals to which the 
NSCs are responding are most likely complex, from multiple 
sources, and representing a "mixture" of attractants, adhesion and 
substrate molecules, chemokines, etc. Of broader biological signif- 
icance, these findings suggest that migration can be unexpectedly 
extensive, even in adult brain and along nonstereotypical routes, if 
pathology (as modeled here by tumor) is present. 

Having documented this powerful tropic interaction between 
NSCs and intracranial pathology, we believe that exogenous NSCs, 
genetically engineered ex livo and strategically implanted, may 
provide a ''platform" for the dissemination of therapeutic genes 
and/or gene products to previously inaccessible infiltrating tumor 
cells. As suggested in our CD/5-FC prodrug paradigm, NSCs were 
able to express a bioactive transgene in vivo to effect a significant 
biologically relevant read-out (dramatic reduction in tumor bur- 
den). Cytotoxic 5-f luorouracil and its toxic metabolites can readily 
diffuse into surrounding tumor cells giving CD an impressive 
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*'b>'stander" effect; as little as 2% of the tumor mass containing 
CD-ex-pressing cells may generate significant oncolysis (22). Indeed, 
NSCs engineered to express CD are attractive as molecular pumps 
because they can generate agents that kill tumor cells yet undergo 
self-elimination should the NSQ themselves become mitotic This 
prototypical genetic strategy represents one of many potential 
approaches to treating brain tumors with migratory genetically 
engineered NSQ. Other candidates include genes encoding: pro- 
teins that induce differentiation of neoplastic cells and/or their 
signal-transduction mediators; cell cycle modulators; apoptosis- 
promoting agents; anti-angiogenesis factors; immune-enhancing 
agents (23); fusion agents; and oncolytic factors (24). That these 
same engraftable migratory NSCs have been demonstrated to serve 
as intracerebral viral vector producer cells (10) may allow "extend- 
ed" delivery of lethal viral-mediated genes to larger numbers of 
tumor cells in broader regions of brain. Instilled into the reseaion 
or biopsy cavity, or applied intermittently into or near the tumor 
mass or suspicious tissue or into cerebral ventricles, engineered 
NSCs could be used in conjunction with other interventions. An 
NSC-based strategy — responding to the altered biology of the 
abnormal adult brain and by virtue of their unique inherent 
biology — may both optimize present approaches and make feasible 
new ones for more effectively, selectively, and safely targeting genes 
and vectors to refractory, migratory, invasive brain tumors. 
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Abstract, In recent years, ic has become evident that the developing and even the adult 
mammalian CNS contain a population of undifferentiated, multipotcnt cell precursors, 
neural stem cells, the plastic properties of which might be of advantage for the design of 
more cfFcctivc dierapies for many neurological diseases. This aniclc reviews the recent 
progress in establishing rodent and human clonal neural stem cell lines, their biological 
properties, and how these cells can be utilized to correct a variety of defects, with 
prospects for the near future to harness their behaviour for neural stem cell-based 
treatment of diseases in humans. 

2000 Neural transplantation in neurodegenerative disease, Wiley, Chichester (Novartis 
Foundation Symposium 231 ) p 242-269 



Neurological disorders, whether hereditary or acquired, are typically charaaerized 
by a variety of cellular and molecular defects. The situation is aggravated by the fact 
that, during its maturation, the CNS appears progressively to lose its restorative 
capacity by establishing a potent inhibitory environment to neural regrowth and 
the formation of new connections, and by the formation of a blood-brain barrier 
(BBB) that protects the brain from blood-borne pathogens but also prevents the 
entrance of many therapeutic substances from the vascular compartment. Current 
attempts to promote CNS repair address these obstacles using the following 
strategies: (i) replacing affected cell populations (or structural components like 



^This chapter was presented at the symposium by Professor Snyder, to whom correspondence 

should be addressed. 
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myelin) and their connections by neural grafts; (ii) providing trophic support by 
the introduction of neurotrophins and/or cytokines to diminish or prevent 
progressive neurodegeneration, stimulate neurite outgrowth, guide growing 
axons to their targets and promote establishment of funaional synapses; and (iii) 
replacing missing neuroactive molecules, such as enzymes and neurotransmitters. 

For several decades, fetal neural transplants have been used to promote CNS 
repair and formed the basis of an important branch of restorative neurobiology 
(reviewed in Dunnett & Bjorklund 1994, Fisher & Gage 1993, 1994). They have 
not only provided us with a wealth of information about normal CNS 
development but have generated invaluable information regarding the extent to 
which the perinatal, juvenile and adult CNS is able to react to growth signals and 
to mobilize dormant, intrinsic plastic capacities. In the majority of cases, fetal grafts 
have been used in three ways (Kordower & Tuszynski 1999, Marciano et al 1989): 
(i) to replace cellular elements, especially neurons, in the degenerating host 
parenchyma and to reinnervate targets which have lost their proper input; (ii) to 
act as tissue 'bridges' for host axonal regeneration due to their highly growth- 
permissive environment; and (iii) to prevent degeneration of host cells. More 
recendy, an additional, and as yet hardly explored, phenomenon concerning 
graft/host interaction has been described, namely, the graft's potential to evoke 
robust restorative meclianisms within the juvenile recipient's brain which later 
result in an unusually well-remodelled cytoarchiteaure originating almost 
exclusively from the host (Ourcdnik et al 1993, 1998, Ourednik & Ourednik 
1994). Nevenheless, despite the fact that fetal grafts are already being used with 
likely success in human parkinsonian patients (Kordower et al 1995), a routine 
use of fetal tissue raises significant concerns, both biological and ethical, such as 
the availability of requisite amounts of suitable material and insuring survival of 
desired cells in a tissue that is typically heterogeneous. Moreover, with respect to 
the more and more popular idea of transferring therapeutic genes (or their end 
metabolic products) to the brain, primary fetal tissue is, due to its heterogeneity, 
not well suited for the genetic engineering (see below) that might be necessary to 
provide greater or more stable amounts of a trophic factor or to replace a particular 
enzyme in a defined cell type. 

The transfer of a transgene or a gene product is frequently an important step in 
the attempt to correct a deficiency in the CNS. For this reason, many mediods of 
gene transfer are under investigation (Breakfield et al 1999). They fail into two 
categories: mechanical delivery of DNA into cells vitro and introduction of 
genetic material by virus-based vectors. Mechanical ways of introducing DNA 
into cells rely on diverse means of particulation and concentration of the DNA 
around the cell membrane in form of precipitates, liposomes, gold particles or 
molecular conjugates internalized by the cells in an active (endo- or pinocytosis) 
or passive (membrane fusion, electroporauon or bombardment) process. 
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Although frequently employed, this methodology is not very efficient and cells 
may not get transfected in a stable manner. 

Virus-based delivery of foreign genes into mammalian cells has several 
advantages: the small genome of retroviruses (still the most frequently used type 
of virus) allows relatively easy manipulation and insertion of larger transgene 
sequences, viruses can be grown to high titles in culture, infection efficiency is 
extremely high (close to 100% of cultured cells), and the DNA, in most cases, 
gets stably integrated into the genome in form of a provirus. However, care must 
be taken that the transgene is inserted into a replication-defective virus where all 
the transforming oncogene sequences have been removed. All the products 
necessary for replication and integration of such defective viruses are provided 
.; irans by replication- competent but non-transforming helper viruses which 
later have to be completely removed from the purified vcaor — often a rather 
difficult task. 

The introduaion of DNA by viral vectors can be achieved either by in situ 
application, i.e., direct injection of genetically-altered viruses into the CNS, or by 
ey:vivo gene therapy, where vector-mediated gene transfer into cells occurs in vitro 
and these transgenic cells are then transplanted into the brain regions of interest. 
Besides the technical difficulties inherent to the vectors used and common to both 
strategies (e.g. expression of viral genes, initiation of an antiviral immune 
response, reversion of the viral vector to a replication-competent state, and 
inactivation of transcription and/or expression of foreign genes), both suffer 
from specific insufficiencies as well. Thus, although progress is being made in 
targeting post-mitotic neural tissue with viral veaors like lentivirus, adenovirus 
(AV), adenoassociated virus (AAV), or herpes simplex virus (HSV) expressing 
therapeutic transgenes under cell type-specific promoters, they still may not 
address the widespread, extensive lesions characteristic of many neuro- 
degenerative conditions, particularly those of genetic, perinatal, metabolic, 
inflammatory, infectious or traumatic origin. Furthermore, such strategies depend 
on relaying new genetic information through established endogenous neural 
populations and circuits, which, in fact, may have degenerated or failed to develop. 

In the alternative approach, the tx vivo gene therapy strategy, the challenge 
comes in selecting a cellular population that can be easily altered genetically to 
produce a desired protein and then safely and efficiently introduced into discrete 
or widespread regions of the brain where they can reside innocuously and continue 
to deliver their genetic 'payload'. Donor ceUs may be chosen to act as miniature 
•pumps' providing a source of exogenous substances that can diffuse to appropriate 
targets, to become integral members of the host qrtoarchitecture and circuitry, or, 
ideally, to do both. Neurons would seem to be the appropriate cellular candidate 

for both delivering products to and integrating within the CNS. However, there 

are restrictions on the types and ages of neurons that survive grafting in a 
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funcdonally meaningfuJ way for prolonged periods. AJso, because mature neurons 
irreversibly stop proliferating, they are unsuitable targets for retrovirus-based gene 
delivery. While improvements in the design of integrating veaors (lentivirus, 
AAV) and episomal vectors (HSV, AV) may ultimately facilitate genetic 
manipulation of post-mitotic neurons ex vivo, at present, the usefulness of 
primary neurons as vehicles for gene transfer is minimal. Researchers therefore 
soon turned towards well-established cultures of non-neuronal cells which do 
proliferate and can easily be manipulated by retroviruses to express transgenes. 
Fibroblasts quickly became the ideal candidates and have been modified to 
produce a variety of neurotransmitter-synthesizing enzymes (e.g. tyrosine 
hydroxylase and choline acetyl transferase) and trophic proteins (e.g. nerve 
growth factor). Drawbacks of this technique are, however, that fibroblasts are 
unable to incorporate functionally into the host brain's cytoarchitecture, 
damaged circuits cannot be reformed and regulated release of substances may be 
missing. Thus, investigators started to look for another cell type which would be a 
source of a homogeneous cell population; which, while proliferating, could easily 
be maintained and genetically manipulated invitro\ and, at the same time, would, 
after grafting, be able to integrate seamlessly into the cytoarchitecture and circuitry 
of the host CNS. 

For several years, there has been a growing interest in the therapeutic potential of 
neural stem cells (NSCs) and progenitors for therapy in CNS dysfunctions. This 
interest derives from the realization that these cells are more than simply a 
replacement for fetal tissue in transplantation paradigms and yet another vehicle 
for gene delivery. Rather, the basic biology of these cells endows them with a 
quality that other vehicles for gene therapy and repair may simply not possess 
(e.g. Martinez-Serrano & Snyder 1999, Snyder & Senut 1997): the potential to 
integrate into the ncuraJ circuitry after transplantation. With the first recognition 
that NSCs, propagated in culture, could be reiniplanted into mammalian brain 
where they could reintegrate appropriately and stably express foreign genes, gene 
therapists and restorative neurobiologists began to speculate how such a 
phenomenon might be harnessed for therapeutic advantage. These, and. the 
studies which they spawned (Yandava et a! 1999, Lundberg et al 1997, Rosario et 
al 1997, Lacorazza et al 1996, Renfranz et al 1991) provided hope that the use of 
NSCs, by virtue of their inherent biology, might circumvent some of the 
limitations of presently available graft material and gene transfer vehicles, and 
make feasible a variety of novel therapeutic strategies (Table 1). 

NSCs are postulated to be immature, uncommitted cells that exist in the 
developing and even adult ner^^ous system (Gage et al 1995, Reynolds & Weiss 
1992) and are responsible for giving rise to the vast array of more specialized cells 
of the mature CNS. They are operationally defined by their ability to sdf-rcncw, 
their potential to differentiate into various (if not all) neuronal and glial cell 
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TABLE 1 Propenies of neural stem cells that make them appealing vehicles for CNS 
gene therapy and repair 

Genetic manipulabiiity 

Progenicor/stcm ceUs easUy transduced exvivo by most viral and non- viraJ gene transfer methods. 
Facile engraftability following simple implantation procedures 

From cngraftmcnc in germinal zones (as well as into parenchyma), can broach BBB unimpeded; 
no requirement for conditioning regimes (e.g. irradiation as in bone marrow transplantation 
or opening of BBB). 

Sustained foreign ( therapeutic) gene expression 

Throughout CNS, from fetus to adult, following technically simple and safe reimplantation 
procedures; CNS levels rise immediately. 

Potential for normal reinte^ation into host cytoarchi lecture and circuitry 

Differentiate along all CNS ceU-typc lineages; impouant for diseases in which neurons and glia 
are both affected; not only allows direct, stable and perhaps regulated delivery of therapeutic 
molecules, but also enables replacement of range of dysfunctional neural cells and possible 
reconstruction of connections and networks. 

>3 bilitj to migrate 

Particularly within germinal zones, enabling replacement of genes and cells to be directed not 
only to discrete sites but to widely disseminated lesions as well for diseases of a more global 
nature; for more focal implants, ability of cells to intermingle with host cells rather than dump 
at injection track insures homogeneous distribution of therapeutic molecules throughout 
target tissue. 

Plasticity 

Ability to accommodate to region of engraftment and assume array of phenotypcs; obviates 
necessity for obtaining donor cells from many specific CNS regions, or imperative for precise 
targeting of donor cells during reimplantation, or need for tissue-specific promoters for 
foreign gene expression. 

GomptnsatOfy of transgene non-expresjion 

Low levels of normal neural products expressed intrinsically by progenitor/stem cells (lysosomal 
enzymes; neurotrophic, matrix, adhesion and homeodomain molecules; myelin) helps 
safeguard against transgcne inactivation; neural cells may sustain expression of foreign neural 
genes longer than non-neural vehicles; ability to integrate multiple copies of a transgenc into 
its genome (e.g. following repeated sequential retroviral infection) helps thwart loss of 
expression; may also provide as-yct-unrccognized beneficial neural-specific subsrances. 

One stem cell may carry multiple transgenes 

Following multiple transfection events, one cell can transfer multiple gene products 
simultaneously. 

Minimisation of side effects 

Distribution of gene produas restricted to CNS; while protems may be disseminated by stem 
cells throughout brain for diseases of global nature, by altering mode of administration, cells 
can be selectively integrated in proximity to neurons that rccjuirc given factor without 
affecting cells for which the molecule might be problematic; conditioning regimes not 
required prior to transplantation as in bone marrow therapy. 



{Continued) 
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A bility to terve as producer cells for the in vivo dissemination of viral vectors 

May help amplify distribution of viruis-mcdiated genes to large CNS regions and numbers of 
cells. 

Immunotolerance 

In rodent transplant studies, multiple recipients and mouse strains can integrate the same murine 
stem cell clone without rejection or the necessity for immunosuppression, suggesting a need 
for generating very few cffeaive clones (one done used by many). 

Tropism for and trophism a'ithin regions of CNS degeneration 

When confronted with neurodegenerative environments, stem cells alter their migration & 
diffetentiation patterns towards replacement of dying cells; probably a vestigial 
developmental strategy with therapeutic value. 



lineages, and to populate developing or degenerating CNS regions in multiple 
regional and temporal contexts. We can even hypothesize that, whenever the 
CNS is injured, it may actually try to 'repair itself with its own endogenous NSC 
population but that, for most injuries that come to clinical attention, that supply is 
restricted in the number of available NSCs or insufficiently mobilized and even 
counteracted by growth-inhibitory environment, specially in adult brain. This 
unexplored possibility of a 'self- repair' could already be postulated in the context 
of the regenerative effect of fetal tissue grafts on host tissue (Ourednik et al 1993, 
1998. Ourednik & Ourednik 1994) and is corroborated by the fact that such fetal 
tissues still contain a large pool of endogenous NSCs which arc probably 
responsible for the observed graft-induced remodelling by the post-mitotic host 
brain. Furthermore, pilot studies in which endogenous progenitors in the 
suvcntricular germinal zone (SCZ) arc labelled and tracked just as a devastating 
hypoxic-ischaemic brain injury is experimentally imposed on the cortex, suggests 
that these progenitors alter their normal stereotypical migratory route to the 
olfactory bulb and move instead towards the damaged regions to become new 
neurons in regions where neurogenesis has been conventionally deemed as: 
having been completed. Therefore, to augment such a response with 'pure' 
exogenous NSCs (transgenic or not), implanted opportunistically at strategic 
tmies following injury, may enable an even more significant recovery. 

NSC clones have been maintained in a proliferative state by several equally safe 
and effective strategies: through manipulation of 'internal commands' by genetic 
means (e.g. transduction of propagating genes that intcraa with ceU cycle 
regulatory proteins) or by exposure to 'external commands' (e.g. such epigenetic 
means as chronic mitogen stimulation or co-culture on various cellular membrane 
substrates). Such manipularions do not subven the ability of stem cells to respond 
to normal microenvironmental cues: to withdraw from the cell cycle, interact with 
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host cells and to differentiate. This point has been successfully illustrated by a 
prototypical model murine NSC clone (designated clone C17.2), which was 
initially isolated from 4-day-old mouse cerebellum but has the ability to 
accommodate to most neural regions at most periods throughout the mouse's life 
(Snyder et al 1992). When transplanted into various germinal zones throughout the 
brain, these cells participate in normal development of multiple regions at multiple 
stages along the murine neuraxis (expressing their marker, y?-ga]actosidase, from 
the bacterial lacZ transgene). They intermingle non-disruptively with endogenous 
neural progenitor/stem cells, responding to the same spatial and temporal cues in a 
similar manner and differentiating into all neuronal and glial cell types. Crucial for 
therapeutic considerations, the structures to which they contribute develop 
normally. Thus, their use as graft material can be considered almost analogous to 
haematopoietic stem cell-mediated reconstitution. In the following sections, using 
clone CI 7.2 as model for NSCs in general, we present examples of their behaviour 
in several grafting experiments simulating various neuropathological situations. 

Non-engineered NSCs correct a variety of CNS defects 

In testing the potential of NSCs to replace dying cells and lost neural circuits in 
degenerating brain, insights have been derived from studying mouse mutant and 
specific injury paradigms which have served nicely as well-controlled and well- 
defined models for more complex CNS dysfunctions. In such experiments, NSCs 
appear well suited for replacing some degenerated or dysfunctional neural cells. 

In the meander tail {rntd) mutant, which is characterized by failure of sufficient 
granule neurons to develop in certain regions of the cerebellum, NSCs, 
implanted at birth, were capable of depopulating' large agranular portions with 
neurons (Rosario et al 1997). A pivotal observation, with implications for 
fundamental stem cell biology, was that cells with the potential for multiple fates 
'shifted' their mode of differentiation to compensate for a deficiency in a particular 
cell type. As compared with their differentiation in normal cerebella, a 
preponderance of these donor NSCs in regions deficient in granule neurons 
pursued a granule neuronal phenotype in preference to other potential 
phenotypes, suggesting the presence of environmental signals 'pushing' 
undifferentiated, multipotent cells towards repletion of the inadequately 
developed cell type. This phenomenon was observed in more than one study (as 
will be illustrated in some of the following examples) and presents a possible 
developmental mechanism with obvious therapeutic value. 

Preliminary work in another mutant, the reeler {rt) mouse, has suggested that 
NS{:::s may not only replace developmentally impaired cells, but may also help 
correct certain aspects of abnormal cytoarchiteaure (Auguste et al 1996). The 
laminar assignment of neurons in rl mouse brain is profoundly abnormal due, 
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most likely, to a mutation in a gene encoding the secreted extracellular matrix 
(ECM) molecule, Reelin. NSCs, implanted at birth into the defective developing 
r/ cerebellum, appeared in pilot studies not only to replace missing granule neurons 
in correct laminar position, but also to restore a more wild-type laminated 
appearance in engrafted regions by influencing the migration and survival of 
mutant neurons, most likely by providing molecules (including Reelin) that 
guide proper histogenesis. These findings therefore suggest a possible stem cell- 
based strategy for the treatment of CNS diseases characterized by abnormal 
cellular migration, lamination and cytoarchitectural arrangement. 

Many neurologic diseases, particularly those of neurogenetic aetiology, are 
characterized by global degeneration or dysfunction. Mutants characterized by 
CNS-widc white matter disease provide an ideal model for testing hypotheses 
that NSCs might also be useful in neuropathologies requiring widespread neural 
cell replacement. The oligodendroglia of the dysmyelinated shiverer {shi) mouse are 
dysfunctional because they lack myelin basic protein (MBP) essential for effective 
myelination. Therapy, therefore, requires widespread replacement with MBP- 
expressing oligodendrocytes. NSCs transplanted at birth (employing an 
intracerebroventricular implantation technique devised for diffuse engraftment 
of enzyme-expressing NSCs to treat global metabolic lesions, Yandava et al ] 999) 
resulted in engraftment throughout the shi brain with repletion of significant 
amounts of MBP (Pigs 1 and 2). Accordingly, of the many donor cells which 
differentiated into oligodendroglia, a subgroup myelinated 40% of host neuronal 
processes. In some recipient animals, the symptomatic tremor decreased. 
Therefore, 'global' cell replacement seems feasible for some pathologies if cells 
with stem-like features are employed. This approach is being extended to other 
poorly myelinated mutants, e.g. mouse models of Krabbe's globoid cell 
leukodystrophy. The ability of NSCs to remyelinate is of particular importance 
because dys-/de-myelination plays an important role in many genetic (e.g. 
leukodystrophies, inborn metabolic errors) and acquired (traumatic, infectious, 
asphyxial, ischemic, inflammatory) neurodegenerative processes. More broadly, 
complementation studies in mutants, such as those described above, help support 
a NSC-based approach, whether with exogenous NSCs or with appropriately 
mobilized endogenous NSCs, for compensating for neurodevclopmental 
problems of many aetiologies. 

One of the most fascinating characteristics of NSCs is that they indeed can react 
to ncurodegeneration by 'shifting' their pattern of differentiation towards 
^replenishing' of the missing cell types. One of the studies demonstrating this 
phenomenon was performed in a model of experimentally induced apoptosis of 
selectively targeted pyramidal neurons in the adult mammalian neocortex 

(Snyder et al 1997). Apoptosis (at least at particular critial phases) is becoming 

implicated in a growing number of both neurodegenerative and normal 
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developmental processes. When transplanted into this neuron-specific 
degenerative environment, 15% of NSCs 'altered' the differentiation path they 
otherwise would have taken under normal developmental circumstances 
(neurogenesis has normally ceased in the adult cortex) and instead differentiated 
specificaDy into that type of degenerating neuron, partially replacing that lost 
neuronal population. Pilot studies further suggest that some replacement 
neurons sent axons across the corpus callosum to appropriate targets in the 
contralateral hemisphere. Thus, this neurodcgcncration may have created a 
'milieu' which recapitulates normal embryonic developmental cues (e.g. for 
cortical neuronogenesis) to which NSCs can respond to therapeutic advantage. 
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I Evidence from experimental mouse models that even more closely emulate 

I clinical situations further suggests that CNS injury or degeneration (of a certain 

r type and/or during critical developmental time windows) might advantageously 

4 direa the migration, proliferation and differentiation of NSCs, both of host and 

; donor origin. In a preliminary study, mice treated systemically with MPTP (1- 

- methyl-4-phenyl-l,2,3,6-tetrahydropyridine), a drug selectively destroying 

"1 dopaminergic cells in the brainstem, and subsequently grafted unilaterally with 

^ NSC clone CI 7.2 displayed a reconstituted dopaminergic cell population 



FIG. 1. Engrafted NSCs in recipient M mutants differendate into oligodendrocytes (I) and 
functional and behavioural assessment of transplanted shr mutants and controls (II). (I A,B) 
Donor-derived Xgal'*' cells in representative seaions through the corpus callosum possess 
charactcrisnc oligodendroglial features — small, round or polygonal cell bodies with muluple 
fine processes oriented in the direction of the neural fibre traas. (C) Close-up of a representative 
donor-derived and-j3-galactosidase immunorcactive oligodendrocyte (arrow) extending 
multiple processes toward and beginning to enwrap large, adjacent axonal bundles viewed on 
end in a scctioa through the corpus callosum. That cells such as those in A-C are oligodcndroglia 
is confirmed by the reprcsencative electron micrograph in (D), demonstrating a donor-derived 
Xgal-labelled oligodendrocyte (LO) distinguished by the electron-dense Xgal precipitate that 
typically is localized to the nuclear membrane (arrow), endoplasmic reticulum (arrowhead), and 
other cytoplasmic organelles. The area indicated by the arrowhead is magnified in the inset to 
demonstrate the unique crystalline nature of individual precipitate particles. (II) The sbt 
mutation is chaiactcrized by the onset of tremor and a 'shivering gait* by the second to third 
postnatal week. The degree of motor dysfunction in animals was gauged in two ways: (i) by 
blindly scoring periods of standardized videouped cage behaviour of experimental and 
control animals and (ii) by measuring the amplitude of tail displacement from the body's 
rostral-caudal axis (an objective, quantifiable index of tremor). Video freeze-frames of 
representative unengrafted and successfully engrafted shI mice are seen in (A) and (B). The 
whole-body tremor and ataxic movement observed in the unengrafted symptomatic animal 
(A) causes the frame to blur, a contrast to the well-focused frame of the asymptomatic 
transplanted shr mouse (B). 60% of transpbnted mut^ts evinced nearly normal- appearing 
behaviour and attained scores that were not significantly different from normal controls. 
(C) and (D) depict the manner in which whole-body tremor was niirrored by the amplitude of 
tail displacement (hatched arrow in C), measured perpendicularly from a line drawn in the 
direction of the animal's movement (solid arrow, which represents the body's long axis). 
Measurements were made by permitting a mouse, whose tail had been dipped in India ink, to 
move freely in a straight line on a sheet of graph paper as shown. Large degrees of tremor cause 
the tail to make widely divergent ink marks away from the midline, representing the body's axis 
(C). Absence of tremor allows the tail to make long, straight, uninterrupted ink lines on the paper 
congruent with the body's axis (D). The distance between points of maximal tail displacement 
from the axis was measured and averaged for transplanted and un transplanted shi mutants and 
for unaffected controb (hatched arrow). (Q shows data from a poorly engrafted mutant that did 
not improve with respect to tremor whereas (D) reveals lack of tail displacement in a successfully 
engrafted, now asymptomatic sbi mutant. Overall, 64% of transplanted shi mice examined 
displayed at least a 50^/o decrement in the degree of tremor or *shivcr\ Several showed zero 
displacement. Bars: I. A,B, and C=10/im, D=1.5/im, IL A,B = 2.5cm. (Modified from 
Yandava et all 999.) 
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composed of donor aad host. This suggests that NSCs not only replenished a 
defined pool of a missing cell type but also reactivated regenerative capacities 
within the aged host. ^ 

In a newborn mouse, unilateral carotid ligation combined with reduced ambient 
oxygen produces extensive hypoxic-ischaemic brain injury (HI) throughout the 
ipsilateral cerebral hemisphere. HI is an ideal prototype for a range of untreatable 
acquired and inherited neurodegenerative conditions and involves multiple cell 
types and regions in a devastatingly extensive manner. NSC clone CI 7.2 was 
used in two ways to help study the biology of NSC-based reconstitution of this 
large CNS lesion (Park et al 1997, 1999). In the first paradigm, NSCs are allowed 
to integrate during development into the representative cytoarchitecture of the 
normal brain prior to unilateral HI, creating virtually a chimeric brain of host 
and donor 'reporter stem cells'; the movements and responses of this 'reporter' 
NSC clone to HI (which can be reliably tracked by vinue of its lacZ reporter gene 
expression) would presumably mirror the behaviour of endogenous host 
progenitors and NSCs, with which it has intermixed, whose clonal relationships, 



FIG. 2. (I) Myelin basic protein (MBP) expression in mature transplanted and control brains. 
(A) Western analysis for MBP in whole brain lysates. The brains of three representative 
transplanted shi mutants (lanes 2-4) express MBP at levels dose to that of an age-matched 
unafTcctcd mouse (lane 1, positive control), and significantly greater than the amounts seen in 
untransplanted (lanes 7,8, negative control) or unengrafted (lanes 5,6, negative control) age- 
matched ski mutants. (Identical total protein amounts were loaded in each lane.) (B-D) 
Immunocytochcmical analysis for MBP. (B) The brain of a mature unaffected mouse is 
immunorcactivc to an antibody to MBP (revealed with a Texas red-conjugated secondary 
antibody). (C,D) Age-matched engrafted brains from shi mice similarly show 
immunorcactivity. Unuansplantcd shi brains lack MBP. Therefore, MBP immuno reactivity 
has also classically been a marker for normal donor-derived oligodendrocytes (C,D). II. NSC- 
derived 'replacement' oligodendrocytes appear functional as demonstrated by ultrastructural 
evidence of myelination of ski axons. In regions of MBP-expressing NSC engraftmcnt, shi 
neuronal processes become enwrapped by thick, better compacted myelin. (A) At 2 weeks 
post-transplant, a representative donor-derived, labelled oligodendrocyte (LO) (recognized by 
extensive Xgal precipitate (p) in the nuclear membrane, cytoplasmic organelles, and processes) is 
extending processes (a representative one is delineated by arrowheads) to host ncutites. and is 
beginning to cnshcathc them with myelin (m). (B) If engrafted sbi regions, such as that in A, arc 
followed over time (e.g. to 4 weeks of age as pictured here), the myelin begins to appear healthier, 
thicker and better compacted (examples indicates! by arrows) than that in age-matched 
untransplanted control mutants. (C) By 6 weeks post-transplant, it mamres into even thicker 
wraps; --40% of host axons are ensheathcd by myelin. The higher power view of a 
representative axon shows its myelin to be dramatically thicker and better comparted than the 
sbi myelin (an example of which is shown in D) (black arrowhead) from an unengrafted region of 
an otherwise successfully engrafted shi brain. In C, white arrowheads indicate representative 
regions of myelin that arc magnified in the adjacent insets; major dense lines arc evident. 
(Modified from Yandava et al 1999.) 
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characterisdcs and degree of homogeneity are much less certain and which are 
otherwise 'invisible' to such monitoring. In the second paradigm, CI 7.2 
'reporter cells' are implanted at various intervals following HI. In both 
paradigms, in response to HI, a subpopuiation of 'reporter' and host cells 
transicndy rc-cntcrcd the cell cycle and migrated preferentially to the ischaemic 
site as if responding to newly elaborated cues. Donor-derived cells integrated 
extensively within the large infarcted areas that span the length of the brain; even 
cells implanted into the intact contralateral hemisphere migrated towards regions 
of injury. A subpopuiation of both reporter- and host-derived cells (particularly in 
the penumbra) then once again became quiescent and differentiated into new 
neurons and oligodendrocytes, the neural cell types typically damaged following 
HI and least likely to regenerate spontaneously in postnatal CNS. In the injured 
postnatal neocortex there was a fivefold increase in donor-derived oligo- 
dendrocytes compared to the intact neocortex and, most significandy, NSCs now 
yielded neurons at a stage in mammalian development when no cortical neurons are 
normally bom; 5% of engrafted NSCs on the injured side, compared to 0% on the 
intact contralateral side, now differentiated into neurons, an amount that translates 
into tcns-of-thousands of replacement neurons. (While it is unknown how many 
z neurons and how much circuitry are required to reconstruct a damaged system, 
older lesion data suggest that relatively little, even less than 10%, restoration may 
be sufficient.) As in the targeted apoptosis model, novel signals appear to be 
transiently elaborated following HI (three to seven days following HI appears 



FIG. 3. Neuronal replacement by a representarive human neural stem eel) (hNSC) clone 
following transplantation at birth into the cerebcUum of the granule neuron- depleted meander 
tail mutant mouse model of developmental neurodegcneration. (a-g) BrdU-intcrcalated 
donor-derived cells idcndfied three weeks following direa implantauon into external germinal 
layer of the meander tail {mea) cerebellum by anti-BrdU immunochcmistry. (a) hNSCs arc present 
in the inner granular layer {igl, aiiows) of all lobes of the cerebellum (granule neurons are 
diminished throughout the cerebellum with some prominence in the anterior lobe), (b) Higher 
magnification of the representative posterior ccrcbcllai lobe indicated by arrow in panel a, 
demonstrating the brge number of donor-derived cells present within the recipient igl. (c-g) 
Various magnifications of donor-derived cells within the igl of a mea anterior cerebellar lobe. 
(f,g) Nomarski optics are utilized to bring out the similarity in sire and morphology of host 
BrdU-negative cerebellar granule neurons (arrow heads) and a BrdU-intcrcalated, donor- 
derived neuron (arrow), (h, i) Neuronal differentiation of a subpopuiation of donor-derived, 
BrdU-intcrcalated cells is illustrated by co-labelling with BrdU in (h) and the mature neuronal 
marker NeuN in (i) (indicated with arrows). Adjacent, donor-derived cells are non-neuronal as 
indicated by their BrdU-positive, NeuN- negative phenotypc (arrowhead)- (j) Cells within the igl 
are demonstrated to be donor-derived human cells by FISH for a human-specific probe 
identifying the centromeres of aU chromosomes, all, Odier centromeres are present, but out of 
the plane of focus in this photomicrograph. Bars: a,b = 100/im; c, d = 75/im; e = 40/im; 
f,g = 10 /xm; h,i,j = 50 pm. (Modified from Flax ei al 1 998.) 
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optimal), to which NSCs (donor and host) respond by ^shifting' their normal fate 
to compensate for the loss of those particular cell types. 

These phenomena are probably pervasive throughout the CNS. A similar 
tropism and trophism for NSCs by apoptotic neurodegenerative environments 
appears evident in the postnatal spinal cord (SC) during segmental motoneuron 
(MN) degeneration induced by neonatal sciatic axotomy, a classic experimental 
model of spinal neuron degeneration. Although MNs are normally bom only in 
the fetus, in pilot studies where NSCs are implanted during active degeneration, a 
significant proportion of them will engraft, migrate toward and throughout the 
segments of MN-impoverished ventral horn and differentiate (20%) into cells 
that resemble the lost MNs (Himes et al 1995). Again, engrafted NSCs continue 
to express foreign reporter genes suggesting that, as in the asphyxiated brain, 
implantation of genetically engineered NSCs expressing trophic agents, 
cytokines or other factors might enhance neuronal differentiation, ncuritc 
outgrowth and proper connectivity. 



NSCs and genetic engineering — combining cell 
replacement and gene therapy 

Precisely what the stem cell-modifying signals are that arc normally elaborated as a 
consequence of neurodegeneration is an area of active investigation. They no 
doubt arc a complex mix of various mitogens, cytokines, trophic and tropic 
agents, adhesion and ECM molecules, chemotactic and angiogenic factors, etc., 
elaborated by reactive astrocytes, activated microglia, inflammatory cells, 
invading macrophages and damaged neurons and glia. Since the concentrations 
of these factors and their ratios change with time, they create a temporal 
'window* of increased plasticity during the acute/subacute post-lesioning phase 
(first 2-3 weeks). Might this naturally established plastic phase in the injured 
brain, so favourable for successful engraftment of NSCs, be further prolonged 
and enhanced by augmenting some of those factors? Because in the paradigms 
described above, engrafted NSCs continue to express their marker transgene iacZ 
within the large infarcted areas, it appears feasible that such cells qan be genetically 
manipulated prior to transplantation to express such agents, in vivo (much like a 
pump infusing growth factors). 

Neurotrophin 3 (NT-3) is known to play a role in promoting neuronal 
differentiation (although its presence after HI remains unclear). An NSC clone 
secreting large amounts of NT-3 might not only have an impact on host cells, 
but, intriguingly, might itself respond to NT-3 in an autocrine/paracrine fashion. 
This, indeed, seems to be feasible. In preliminary studies, when a subclone of CI 7.2 
NSCs, retrovirally transduced ex mo to overexprcss NT-3, are implanted into 
brains suffering from HI, the percentage of donor-derived neurons seems to be 
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^ dramatically increased to 20% in the infarction cavity and to 80^/o in the penumbra 
(compared to the 5% when non-engineered NSCs are used) (Park et al 1997). As 
another example, we can again adduce the pilot experiments on parkinsonian mice 
we described above. A group of these mice were grafted with CI 7.2 cells 
overexpressing the neural cell adhesion molecule LI (known to promote cell 
migration and neurite outgrowth; Burden-GuUey et al 1997). This resulted in an 
increased migration of donor-derived dopaminergic nerve cells and a quicker 
bilateral reorganization of the substantia nigra. Such observations suggest the 
use of NSCs for simultaneous, combined gene therapy and cell replacement in 

=* the same transplant using the same clone in the same recipient — an appealing 
NSC property with implications for therapies in other degenerative conditions 
involving other neural cell types. 

The feasibDity of a stem cell-mediated deliver)' system for therapeutic molecules 
' was first affirmed by correcting the widespread neuropathology of a murine model 

of the genetic neurodegenerative lysosomal storage disease mucopolysaccharidosis 
type VU (MPS VII). Caused by a frameshift deletion of the ^-glucuronidase gene 
, * (GUSB), this heritable condition causes progressive mental retardation in humans 
\ : and inexorable neurodegeneration in mice (Snyder et al 1995). NSCs were 

i genetically modified with a retrovirus encoding human GUSB to augment the 
mouse GUSB constitutively secreted by these cells. Transplantation of these 
GUSB-overexpressing cells into the cerebroventricuiar system of newborn MPS 
VII nuce resulted in profuse incorporation of donor-derived cells throughout the 
mutant neuraxis. This brain-wide distribution of engrafted GUSB-secreting NSCs 
corresponded to the distribution of corrective levels of GUSB throughout the 
mutant brains devoid of that enzyme. The diffuse GUSB expression in turn 
resulted in widespread permanent correction of lysosomal storage in mutant 
neurons and glia, throughout mutant brains. While MPS VII may be regarded as 
'uncommon', the broad category of diseases which it models (neurogenetic 
degenerative conditions) afflicts as many as 1 in 1500 persons. This approach is 
therefore being extended to other untreatable- neurodegenerative diseases 
characterized by an absence of discrete gene products and/or the accumulation of 
toxic metabolites. For example, retrovirally-transduced NSCs, implanted into fetal 
and neonatal mice using the intracerebroventricular technique, have successfully 
mediated widespread expression throughout the brain of the a-subunit of 0- 
hexosaminidase, a mutation of which leads to accumulation of GM2 ganglioside 
(Tay-Sachs disease, Lacorazza et al 1 996). 

With the stage having been set by experiments such as these, such ex vivo gene 
therapy strategics have been successfully employed in other experimental models 
of neurologic disease. These have included delivering tyrosine hydroxylase (TH) 
to the striatum of parkinsonian animals; nerve growth factor (NGF) to cholinergic 
systems of the septum and nucleus basalis magnocellularis to induce sprouting and 
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to reverse cognitive deficits in models of Alzheimer's disease and ageing; NGF and 
brain-derived growth factor (BDNF) for neuroprotection against excitotoxic 
lesions in striatum mimicking Huntington's disease (Maninez-Serrano & 
Bjorklund 1996, Martinez-Serrano et al 1995a,b, 1996). In approaching meubolic 
diseases such as those above, there is an interesting point to be made that might be 
applicable to ex vivo gene therapy in general: NSCs, because they arc normal CNS 
cells, often constitutivcly express baseline amounts of a particular enzyme or 
neuroactive factor. The extent to which this amount needs to be augmented by 
genetic engineering may vary from protein to protein and needs to be studied 
individually. Reassuringly, in most inherited metabolic diseases and in many 
neurologic diseases in general, the amount of enzyme required to restore normal 
metabolism and forestall CNS disease may be quite small. Also reassuringly, we 
affirmed that NSC expression of therapeutic levels of foreign genes (even if 
reduced) can persist lifelong and that transducing a given NSC multiple times 
with a retroviral vector, thus inserting multiple copies of a therapeutic transgene 
within the same cell, is a simple and immediately available method for blunting 
decrements in transgene expression. 

Experiments like those described above have established a paradigm for the stem 
cell-mediated brain-wide distribution of other diffusible (e.g. synthetic enzyme, 
neurotrophin, viral vector) and non-diffusible (e.g. myelin, extracellular matrix) 
therapeutic or developmental factors, as well as the distribution of 'replacement* 
neural cells. In developing brains, the cells actually contribute to organogenesis of 
multiple CNS struaures (Table 1). Because NSCs can populate widely 
disseminated developing or degenerating CNS regions with cells of multiple 
lineages, their use as graft material in the brain can be considered analogous to 
haematopoietic stem cell-mediated reconstirution and gene transfer in the body. 
Yet, unlike in bone marrow transplantation, this method of delivery does not 
preclude being able to transport gene products into the cytoarchitecture of 
circumscribed regions in order to effea selective manipulations and avoid 
extensive genetic alteration should the clinical context demand it. For some 
diseases, widespread gene product dissemination is not desired. In fact, solely by 
altering their mode of adnninistration or implantation, NSCs can be selectively 
integrated into more focal and discrete regions in proxinnity to those neurons 
that require a given neuroactive factor without affecting cells at more remote 
locations for which the molecule might be problematic. 

A recent unexpected use of the NSC takes advantage of its ability to migrate 
extensively and to 'home in* selectively on CNS pathology while continuing to 
express bioactive foreign genes. One of the impediments to the treatment of 
primary human brain tximours (e.g. gliomas) has been the degree to which they 
expand, infiltrate surrounding tissue and migrate widely into normal brain, 
usually rendering them 'elusive' to effective resection, irradiation, chemotherapy 



FROM BIOMEDICAL INFORMATION SERVICE t FR I ) 7.20-01 1 2 : 32/ST. 1 1 : 55/NO. 4 86264 1 61 9 P48 

I 

i 

?- ENGRAFTABLE NEURAL STEM CELLS AND CNS THERAPY 259 

I or gene therapy. In preliminary studies, we have observed that migratory NSCs, 
when implanted into experimental intracranial gliomas w vivo in adult rodents, 

' distribute themselves quickly and extensively throughout the tumour bed and 
migrate uniquely in juxtaposition to widely expanding and aggressively 
advancing tximour cells while continuing to stably express a foreign gene. The 
NSCs, in effect, 'surrovmd' the invading tumour border while *chasing down' 
infiltrating tumour cells. Furthermore, when implanted intracranially at distant 
sites from the tumour bed in adult rodent brain (e.g. into normal tissue, into the 
contralateral hemisphere, or into the cerebral ventricles), the donor cells migrate 
through normal tissue targeting the tumour cells (including human 
glioblastomas). NSCs can deliver a bioactive therapeutically-relevant 
molecule — the oncolysis-promoting enzyme cytosine deaminase — such that in 
vitro and in vivo, upon activation, a dramatic, quantifiable reduction in 

_^ surrounding tumour cell burden results. These data suggest the adjunctive use of 
inherently migratory NSCs as a delivery vehicle for more effectively targeting a 
wide variety of therapeutic genes and vectors to refractory, migratory, invasive 
brain tumour cells. More broadly, they suggest that NSC migration can be 
extensive, even in the adult brain and along non-stereotypical routes, if 
pathology (as modelled here by tumour) is present. 

Getting closer to human therapy — establishment of human NSC clones 

The ability of NSCs to migrate and integrate Throughout rhe brain as well as to 
disseminate a foreign gene product is of great significance for the development of 
new therapies for neurodegenerative diseases in humans. Hereditary diseases like 
Tay— Sachs disease result in lesions throughout the CNS. Diseases of adult onset, 
too, e.g. Akheimer's disease, can be diffuse in their pathology. Even acquired 
diseases such as spinal cord injury (SCI) are more extensive in their involvement 
than is typically assumed. Such trauma-related abnormalities may fully benefit 
from the multifaccted approach NSCs may enable: e.g. cell replacement to 
provide new neural connections as well as remyelination; gene therapy to 
support the survival of damaged neurons, to neutralize hostile milieu, to counter- 
act a growth-inhibitory environment and promote neurite regrowth, and the 
re-formation of stable and funaional contacts. In the case of chronic SCI, an 
improved knowledge of the molecular barriers to SC remodelling is needed to 
optimize the plastic behaviour of NSCs in this otherwise foreboding terrain. 

A better understanding of fundamental NSC biology may soon allow human 
NSCs to be transplanted with therapeutic efficacy and without concern for 
recipient safety. Progress in this regard is already being made. Several NSC 
clones have been established from the human fetal telencephalon (hNSCs) which 
seem to emulate many of the appealing properties of their rodent counterparts 
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(Flax et al 1998): they differentiate, invitro and invivo, into neurons, astrocytes and 
oligodendrocytes; thcv follow appropriate developmental programmes and 
migrational pathways simiJar to endogenous precursors following engraftment 
into developing mouse brain; they express foreign genes in vivo in a widely 
disseminated manner; and they can replace missing neural cell types when grafted 
into various mutant mice (Fig. 3). 

Although very promising for ultimate human CNS therapy, these findings need 
first to be reproduced in animals that are closer to humans. As the analyses from our 
first studies indicate, hNSCs seem to respond to patterning signals from the 
developing monkey brain and intermingle with the endogenous cell populations 
following established migration streams (Ourednik et al 1999). If hNSCs behave in 
Icsioncd primate brains with respect to engraftment and foreign gene expression as 
they seem to do in mice,. we soon might have a powerful and versatile therapeutic 
tool in hand for use in human trials to help address genuine clinical 
neurodegenerative diseases — the ultunate goal of experiments that starred 
almost a decade ago. 
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DISCUSSION 

Sinden: Were all the HI experiments done in adult rats? 

Sjnder: The normal paradigm for doing this is to take a week-old mouse, ligate 
the common carotid artery, and then expose the animal for three hours to low 
oxygen tension, keeping the body temperature normal. This is a classic model for 
imposing a permanent injury that emulates a common cause *of extensive, 
devastating cerebral palsy. (From an experimental point of view, by the way, this 
model comes as close as a neurobiologist will be able to come to emulating the 
haematopoietic stem cell biologist's test of ablating the bone marrow and 
looking for reconstitution.) Then we would selectively look at non-neurogenic 
areas; areas that, on the basis of dinical and animal data, never appear to 'repair' 
themselves. 

Kosser: Have you put these cells into any adult models of injury? 

Snyder: Yes. We are presently putting these cells in adult stroke and in adult SCI. 
Actually, one of the earliest examples of the response of NSCs to degeneration was 
observed in the adult in a series of experiments done with JefF Macklis a number of 
years ago (Snyder et al 1997), JefFhas an intriguing model where he can selectively 
induce a subclass of pyramidal neurons in the adult neocortex to degenerate by 
apoptotic mechanisms. Cytolydc nanospheres are injected into one hemisphere. 
The subclass of pyramidal neurons in cortical layers 2 and 5 that send axons 
across the corpus callosum take up these nanospheres at their target regions and 
retrogradely transport them back to their cell bodies. If those cells are exposed to a 
laser beam of a prescribed wavelength, they will die an apoptouc death, leaving the 
rest of the cortex intact. If we implant an NSC clone into this Mepyramidized* area, 
a significant proportion will now become pyramidal neurons, although cortical 
neurogenesis has normally ceased. A subpopulation of these stem cell-derived 
pyramidal neurons will send their axons back across the corpus callosum to the 
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appropriate target. Outside of that circumscribed area of neuronal loss, NSCs will 
not yield neurons at all; they will produce the 'normal' post-fetal developmental 
profile of cells; glial or undifferentiated cells. In other words, the exogenous 
NSCs seem to mirror faithfully the normal developmental processes prevalent at 
a given time in a given region; where neurogenesis is ongoing, NSC-derived 
neurons will be found; where neurogenesis has ceased and gLiogenesis 
predominates, NSC-derived glia will be found. However, we find that if the same 
terrain is injured, a different scenario unfolds. In the mouse there seems to be a 
'window' of one week following injury during which there seems to be a 
'resetting' of the *dock' transiently back to an embryonic environment; then the 
window closes again. 

Gray: In stating that this was apoptotic cell death, is that simply the model you 
use, or are you implying that signals from apoptotic cell death are critical, and that 
from necrosis you would get a different set of signals? 

Snyder: That is a great question. When Jeff and I first did that experiment, 
because the results were somewhat unexpected, we thought that, perhaps, it was 
something particular to apoptosis. It was because of those data that I subsequently 
approached the spinal cord to investigate the apoptoric degeneration of another 
selected neural cell type outside its normal period of neurogenesis — the a MN. 
As we started employing other injurj' models such as infarcts, I was a little less 
certain about the singular role of apoptosis. Although we are learning that 
'paraptosis* or 'apoptosis* play a prominent role in many degenerative processes, 
including those that have classically been thought of as predominantly ^necrotic', 
such as an infarct, and although I can't rule out that it is those apoptotic 
components that are causing the effects we see, I am beginning to suspect that the 
altered responses of NSCs to degenerarion and injury reflect a broader 
phenomenon. 

Keier: In the MN replacement study, am I right in thinking that you did 
neurectomies and grafting of the cells at the same time, in the neonate? 

Snyder: It is important to recognize that MNs are not normally born beyond fetal 
life. The model entails first performing a sciatic nerve transection in the jiiiohatal 
period, but then allowing the animals to mature by which time the MNs degenerate 
irreversibly. We started implanting NSCs at 4 weeks. Interestingly, the closer the 
implantation was performed to the actual active degeneration of the MNs, while 
they were undergoing apoptosis, the more robust the differentiation *shift' by 
NSCs to yield MNs was. 

ebiscber: Sciatic nerve axotomy is a rather acute model. There are many chronic 
models for. MN degeneration: have you looked at these? 

Snyder: We are starting to do this now. Initially, we wanted to examine a model 
that had a well-charaaerized, controllable onset and caused a robust, synchronized 
neuronal death, ideally by an apoptotic mechanisms in a well-defined region. This 



BIOMEDICAL INFORMATION SERVICE 



(FRI) 7. 20" Ot 12:35/ST. 1 1 :55/N0. 4862641619 P 5S 



264 _ 

DISCUSSION 

is why we chose sciatic nerve axotomy. We are now starting to approach models 
that perhaps emulate amyotrophic lateral sclerosis (ALS) better, but where the 
mechanism may be less clear. In early studies in the SOD transgenic mouse we 
have observed preliminary suggestions of a prolonged lifespan and diminished 
symptoms. These preliminary results, of course, require more detailed analysis. 

Undvall: Is there any functional recovery provided by these celis you inject into 
the penumbra zone or into the infarcted area? 

Snyder: We are starting to look at this now. At this initial stage it is probably 
better to think of these experiments as cell biology that happened to be 
performed m vtvo. Second, anyone who has worked with mice knows that even 
that kind of dramatic experimental defect in the cortex does not give a dramatic 
fuiictionaJ phenotype. We have not yet done more subtle cognitive testing. 
Undvall: The conical deficit can be assessed by neurological tests. 
Snyder: I agree, and we are starting to do some of those tests. Wc, however, want 
to make sure that we do tests that don't just reflect global behaviour. We want to do 
functional tests that key in specifically to the cells that we were trj'ing to replace to 
sec whether our cells are being integrated into the circuit!}', as opposed just to 
turnmg up the gain on parallel systems, or just providing a cellular source of 
released trophic factors. We are trying to be selective in the tests we employ. 

Pfirry: The glioma seems to be fuU of interesting puzzles. The phenomenology is 
clear, but how do you interpret it from the cell biology.^ Why would a progenitor 
cell hitch a ride on tumour cells that go wandering off across the brain? Why are the 
cells migrating towards a tumour? 

Snyder: The simple answer is that I don't know. I can come up with the same 
kmd of hypotheses that any of us would entertain. A number of investigators 
think that tumours are progenitor ceUs that have gone awry, yet retain some of 
the same biological properties. One of these is robust migratory behaviour. It 
may be that the tumour ceUs infiltrate normal tissue by the same mechanisms 
that progenitor cells migrate through normal tissue. It mav not be that one is 
'hitching a ride' on the other, even though it looks like that; they could instead 
both be responding to similar cues. A second possibility is that the tumour is 
secreting factors that draw cells to it. This is suggested by some of our in vitro 
work m which tumour cells are permitted to confront stem ccUs. A third 
option IS that the tumour is causing tissue damage that, in turn, produces 
signals that attract the progenitors. The migration of these donor NSCs seems 
to be highly directed. In an adult cortex without a tumour, the cells will engraft 
well but rcmam relatively restricted in their distribution and don't have this 
robust migration. However, the introduction of pathologv appears to prompt 
directed migration to the affected area. 

Gray: Does this offer a means of targeting something to a tumour in a manner 
that might then destroy the tumour cells? 
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Snyder: That is our hypothesis. The hope is that this could be an adjunctive 
therapy for gene therapy or other types of interventions against brain tumours. 

Blakemore: You have to be very careful to determine whether you are looking at 
migration or survival. It may just be that you have produced a survival trackway, 
and this is the only place the cells can go. If this was the case, you could mistake this 
for directed migration. 

Snyder: That is a good point. The total number of cells doesn't appear to change^ 
so we do not believe we are losing cells. It doesn't say that there is not migration; it 
raises the question of what is causing the migration. 

Gray: It is not even about what the causes are — I think Bill is saying that what 
appears to be a causal process could just be a selective process. 

Snyder: Wc do not appear to be losing cells, such that the appearance of a given 
population of cells is merely a selection for survival. The distribution of the same 
number of cells seems to be altered. The real question, as mentioned before, is 
identifying the forces driving or directing this migration. For example, in the 
model of spinal MN degeneration in which stem cells implanted into dorsal horn 
migrate ventrally, one could remark that this is a long way for a diffusible factor to 
attract cells. An alternative intriguing explanation might hold that the 'inclination' 
of NSCs to migrate is not altered but rather as the SC starts developing, barriers to 
migration are progressively established as a normal part of regional specification. 
With an injury, especially with the selective loss of a particular cell type, there may 
be a loss of these barriers, a disinhibition, such that exogenous NSCs that ordinarily 
would have been excluded from migration to that ventral horn region now have 
the opportunity to enter it and encounter cues that they had been excluded from 
seeing that led to ot MN differentiation. 

Blakemore: This is my point: we must not mistake survival for migration. 

Finsen: Do any of your cells differentiate into microglial cells? 

Snyder: Microglial cells are derived from the bone marrow. We have no evidence 
that NSCs, when implanted into the brain invivo^ can give rise to haematopoietic 
lineages. 

Price: Yesterday we discussed the transient developmental mechanisms, which 
are involved in generating cells during embryogenesis, but which arc absent later on 
during the process of regeneration. Your MN model is a beautiful system with* 
which you could start to address some of those issues, particularly with regard to 
the hypothesis you j ust posed that there might be some sort of barrier. What I would 
have thought was more likely, rather than some barrier being removed (for which 
there is currently no evidence), would be thinking about what is taking place of the 
floorplatc during development. The floorplate is crucial in determining the fate 
during development of exactly the population of cells that you have killed and 
then replaced. One could hypothesize that somehow the mechanism the floorplatc 
uses is being reactivated in the absence of the floorplate. Isn't an obvious 



FROM BIOMEDICAL INFORMATION SERVICE 



(FRI) 7,20*01 1 2 : 36/ST. 1 1 : 55/NO. 4862641 619 P 55 



266 



DISCUSSION 



experiment to ask whether sonic hedgehog is being turned on again during repair? 
If so, which cells are taking on the role of producing that factor? You might find 
that you are able to manipulate expression. 

Snyder: That is an excellent speculation and we are looking at that. The netrins or 
the semaphorins may be appropriate candidates for the 'attractants* in this model, 
hut the recapitualted differentiation of MNs is very 'floorplate-escjue', and hence 
suggestive of a role for sonic hedgehog or a related factor. 

Rosser: Have you seen any differences between the oncogenically transformed 
and non-transformed stem cells. 

Snyder: Those cells are not transformed, and the term 'oncogenesis* would be 
totally misused in such a context. For me, as for oncobiologists, ^transformation* 
: has a specific rigorous definition, which is synonymous with the loss of growth 
control mechanisms (by meeting such established criteria as loss of contact 
inhibition, ability to grow in soft agar, ability to give, rise to tumours in the nude 
mouse, the inability to respond to normal signals to withdraw from the cell cycle). 
In stem cell clones in which propagation is assisted by a cell cycle regulatory gene, 
as soon as the cells enter the brain, that gene product constitutively and 
spontaneously disappears. To help answer your question, we now have various 
clones of human NSCs that are either propagated solely with exogenous 
mitogens (e.g. fibroblast growth factor [FGF] 2) or are propagated by mitogens 
augmented by the non-transforming propagating gene "v-mjc, 'V-myc operates 
downstream of and within the same signal transduction pathway as FGF2. It 
appears to be regulated in the same manner as endogenous cellular myc by normal 
developmental mechanisms including being down-reguJated by the cell as it 
becomes quiescent during mitotic arrest and/or differentiation. Though the cells 
contain w-myc^ they arc nevertheless dependent on FGF2 for their propagation; in 
the absence of FGF2, the cells exit the cell cycle and differentiate. We suspect that 
the function of myc may be to prevent the cells from senescing or losing their 
multipotent phenotype after multiple passages. We are trying to compare these 
variously propagated clones *head to head' in all of these paradigms. In every 
aspect that we have examined so far, the human NSCs with ^-myc and those 
without seem to behave identically, even after multiple passages. It frankly 
remains a matter of speculation in the stem cell field the best way to identify, 
expand and employ human NSCs. In the absence of reliable, unambiguous, 
universally agreed upon and widely verified cell surface or other markers, the 
field still relies upon operational definitions. As indicated in my paper, in 
collaboration with Richard Mulligan and Lou Kunkel at my institution, we are 
devising prospeaive FACS-based methods for isolating NSCs from neural tissue 
(both rodent and human) that appear to be based on cell cycle properties common 
to Stem cells from all organ systems. (Indeed the established and proven murine and 
human NSC clones described in the experiments I have referred to in my 
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presentation segregate to and vinuaJly engorge the 'bin' that selects stem cell 
populations, and cells in this bin have been shown to be NSCs by criteria 
employed by even other investigators, e.g. 'sphere formation', etc.) 

The loss of ^-myc expression spontaneously and constitutively from stably 
engrafted NSCs foUowing transplantation is consistent with the invariant 
absence of brain turnouts derived from implanted v-;»yf-propagated NSCs, even 
after several years in vivo in mice. With human NSCs, as with mouse NSCs. 
expanded in this manner, neoplasms are never seen. We have begun to entertain 
the hypothesis that v-myc may help to maintain cells in the cell cycle — hence 
holding their differentiation in abeyance — just long enough for them to exit the 
cell cycle withm the transplanted brain as opposed to the culture dish and hence 
engraft and integrate optimally having been influenced maximaUy by their 
environment. (Cells that exit the cell cycle and pre-differentiate in the dish rather 
than m the recipient brain tend to engraft quite poorly.) We are also beginning to 
hypothesize, based on our observations, that v-mjc may both preclude senescence 
of NSCs even after multiple passages as weU as insuring that the ccUs maintain their 
NSC character — i.e. preventing phenotypic 'drift' — from passage-to-passage 
over prolonged periods of time. If you put v-;57jf-containing mouse cells or 
human cells mto serum-free medium without a defined mitogen, they will come 
out of the cell cycle and differentiate, so ^-myc alone is not sufficient to maintain 
cells in the cell cycle. 

T>rice: The issue surely would be whether the ceUs are more susceptible to 
becoming transformed. This is slightly different, and would be the crucial issue if 
one IS thinking m terms of therapy. Transformation is thought to be a multistep 
process, and you have pushed your cells at least one step closer to transformation. 
Therefore the probability that a subpopulation of the cells can emerge that were 
transformed is raised. 

Snyder: I actually don't beUeve that such cells have been pushed a step closer to 
'transformation'. As you have indicated, we now appreciate that the development 
of a neoplasm is a much more complex, multifactorial process than was originaUy 
behcvcd in the 1 980s. It entails a number of aberrations, beyond just the presence of 
one or even multiple genes. There are fundamental ceUular processes that muit go 
awry (Indeed, even the term 'oncogene' has become passe— at least among =. 
oncobiologists; indeed most of the 'oncogenes' of the 1980s— Z-r/-^. trk wnt 
erbB4, myc—hzvt lost that designation as a better understanding of their 
fundamental ceUular role has unfolded.) My bias is that, if the correct genes are 
used to permit maintenance in the cell cycle while in viiro but not in ww — genes 
that are controlled constitutively and in self-regulated manner by the normal 
cellular processes that routinely chaperone ceU cycle regulatory processes— then 
there is no more risk (and perhaps less risk) than taking a cell and 'bathing' it 
chromcally in a mitogen. Probably our notions of what it takes to really 
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'transform' a cell are somewhat naive. Over 1 4 years, both in our lab and in the labs 
of multiple collaborators throughout the world, there have been thousands and 
thousands of mice transplanted with genetically propagated cells without a single 
neoplasm, actually a better track record than some growth factor-perpetuated cells 
after prolonged passages. 

It probably bears discussing that, aJthough the term 'transformation' is casually 
and usually mcorrecdy tossed about by non-oncobiologists in the NSC field even 
m^ipuJated NSC clones never meet the established, rigorous criteria that properly 
define that term tnvitro otinvivo; such clones respond to and respect all appropriate 
growth control signals for cell cycle withdrawal, differentiation and interaction 
with host cells. In culture, they become contact-inhibited, cannot grow in soft 
a^ar.-.contain normal arrestable actin stress fibres and have a normal ceil cycle 
length. When tested in nude mice, neoplasms never develop. In normal grafting 
studies, brain tuniours are never seen; donor-derived cells insinuate themselves 
seamlessly and non-disniptively into the host cytoarchitccture. They never form 
inappropriate cell types. Funhermore, the total number of cells (host-plus-donor) 
observed m a given engrafted region always equals that observed in an analogous 
region of an untransplanted animal (i.e. host cells alone), suggesting that donor 
NSCs do not abnormally augment or deform their region of integration but 
rather compete equally for space with host progenitors. These observations are in 
agreement with the finding that, when recipient animals are 'pulsed' with BrdU 
the proportion of donor cells that are still mitotic falls to zero by 48-72 h post- 
engraftment in non-lesioned, non-neurogenic regions, a phenomenon that 
mirrors their behaviour in culture following contact inhibition. Accordingly 
transplanted mice never exhibit neurological dysfunction and CNS regions 
within which donor cells engraft develop normally. In fact, recent studies have 
shown that they function in concen with host cells in a physiologically 
appropriate manner. Indeed, some of the clones of murine NSCs we have used 
(which happen to be genetically propagated) have been most useful in helping to 
delineate fundamental stem cell properties (in addition to being among the safest 
and most efficacious to date). 

It actually still remains uncertain the best way to expand and propagate stem 
ce Is. There appears to be litde doubt that expansion by some technique of the 
relatively small NSC population that exists in the brain will be required at some 
stage m the process in order to make therapeutic interventions practical Our 
data, espeaally with human NSCs, that clones propagated by one technique or 
the other seem to behave virtuaUy identically, suggests that the door has been 
thrown open for investigators and/or clinicians to pick the technique that best 
serves their clinical or research demands. Importantly, these findings have helped 
unify various research directions in this field: insights from Studies of NSCs 

perpematcd by one technique can now be legitimately joined to those derived 
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from studies employing others, providing a more complete picture of NSC 
biology and its applications. (In fact, for some needs, because the key to 
exuberant engraftment is insuring that NSCs exit the ceU cycle at precisely the 
right time — within the parenchyma, not outside it — self- regulated genetic 
means may actually prove to be the easier, safer, more cost-effective and reliable 
of strategies. Furthermore Svendscn has begun to marshal evidence that 
mitogen-mcdiatcd expansion alone may confront a Hayflick-iike phenomenon of 
inherent senescence that may require blunting by genetic means.) 

Whether re-deriving stable, well-characterized clones for each clinical situation 
is prudent or effective by whatever means remains to be empirically determined. 
While the field has been contemplating of late the value and feasibility of isolating 
aduh NSCs from a given prospective recipient for subsequent autologous grafting, 
it should be noted that, for neurodegenerative diseases of possible genetic 
aetiology or predisposition — among them, Parkinson's disease— one clearly 
would not employ such a strategy. Indeed, the most effective and safest NSC 
clones (human or otherwise) — and the tacit goal within the stem cell 
community — is to derive human NSCs that can serve as 'off-the-shelf reagents 
and behave like established, stable, physiologicaUy normal, well-characterized, 
homogeneous, readily accessible, abundant and tmwersaliy tolerated cell lines. 
Regardless of how these debates settle out over the next few years of empirical 
study, the human NSC clones described by us here— if not the cells that actually 
go to clinical trials — can clearly serve as prototypes and the experiments in which 
they are used as proofs-of-principle for reporting on the efficacy of NSCs in these 
neurodegenerative environments. Based on our results to date using such murine 
and human NSCs in various disease models, they certainly can help establish a 
therapeutic standard that should be at least met by any method proffered for 
generating NSCs fox clinical use. To achieve less may mean failing to truly realize 
or unlock the capabilities of the NSC 
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Isolation and Intracerebral Grafting of Nontransformed 
Multipotential Embryonic Human CNS Stem Cells 

ANGELO L. VESCOVI, ANGELA GRriTI, ROSSELLA GALLI, and EUGENIO A. PARATI 

ABSTRACT 

In this work, we show that the embryonic human brain contains multipotent central nervous sys- 
tem (CNS) stem cells, which may provide a continuous, standardized source of human neurons that 
could virtually eliminate the use of primary human fetal brain tissue for intracerebral transplan- 
tation. Multipotential stem cells can be Isolated from the developing human CNS in a reproducible 
fashion and can be exponentiaUy expanded for longer than 2 years. This aUows for the estabUsh- 
ment of continuous, nontransformed neural cell lines, which can be frozen and banked. By clonal 
analysis, reverse transcription polymerase chain reaction, and electrophysiological assay, we found 
that over such long-term culturing these cells retain both multipotentiaUty and an unchanged ca- 
pacity for the generation of neuronal ceUs, and that they can be induced to differentiate into cate- 
chlaminergic neurons. Finally, when transplanted into the brain of adult rodents immunosuppressed 
by cyclosporin A, human CNS stem cells migrate away from the site of ii^ection and differentiate 
into neurons and astrocytes. No tumor formation was ever observed. Aside ftorn depending on scarce 
human neural fetal tissue, the use of human embryonic CNS stem cells for clinical neural trans- 
plantation should provide a reUable solution to some of the m^or problems that pertain to this field, 
and should aUow determination of the safety characteristics of the donor cells in terms of tumori- 
genidty, viability, sterility, and antigenic compatibility far hi advance of the scheduled day of 
surgery. 

Key words: cell replacement, human stem cells, neural transplantaUon. EGF. FGF2 



INTRODUCTION 

ANY EXPERIMENTAL REPAIR STTiATEGY ainttcd at the de- 
velopment of therapies for the cure of neurt>degen- 
erativc disorders must take into account the inherent lack 
of regenerative capacity of the central nervous system 
(CNS) of adult mammals. Neural transplantation reprc- 
senu one of the most innovative approaches directed at 
restoring neurological function through the leplaccment 
Of cells lost to injiay or disease by means of intracere- 
bral grafting of embryonic cells, which possess the nec- 



essary differentiation potential and plasticity to func- 
tionally integiiteiDto the damaged neural circuitry (Brtls- 
tie and McKay, 1996; Gage and Christen, 1997). In tiiis 
perspective, implantation of embryoruc CNS precursors 
is currently under attivc investigation in various animal 
models of neurological disorders, including metabolic 
deficit (Snyder ct al., 1995)» Huntington's disease 
(Peschanski et al., 1995), and Parksinson's disease 
(Olanow et al., 1996) as well as spinal cord injuries (An- 
derson ct al., 1995; Mori et al., 1997). 
The development of intracerebral transplantation in hu- 
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mans is presently hampered by the need of using human 
brain tissue of fetal oripn. The scarcity of this material 
IS compounded by practical issues such as age of the 
donor, viability, contamination, and heterogeneity of tis- 
sue as well as overwhelming ethical and mora! concerns 
(Bjorklund, 1993). 

It has been proposed that neural precursor expanded in 
culture may represent a suitable alternative to fetal tissue 
in brain transplantation. In this perspective, CNS stem 
cells (Davis and Temple, 1994) appear to be an elective 
choice because of their extended proliferative potential 
and theu- capacity to generate all three main brain cell 
types (Reynolds and Weiss. 1992; Gritti et al.. 1996). 

In this work, we present data concerning the isolation, 
characterization, and manipulaUon of multipotential stem 
cells from the human embryonic CNS and show that they 
can effectively be expanded in an undifferentiated stale 
for over 2 years in vitro. During this time, they retain sta- 
ble functional features, which means that they retain both 
a steady growth profile and multipotcnUality. Human 
CNS stem cells are plastic and can be induced to differ- 
entiate into neurons displaying a catecholaminergic phe- 
notype. FoUowing transplantation into the adult rat brain 
these cells survive and differentiate into neurons and as- 
trocytes. 



METHODS AND RESULTS 

Since the basic conditions that allow for the growth of 
rodent stem ceUs were not sufficient for the culturing of 
human CNS stem cells (Svendsen et al.. 1996: Chidmers- 
Redman. 1997), specific culnirc conditions had to be es- 
tablished. Diencephalic and cortical stem cells were iso- 
lated from 10.5-week post conception human embryos, 
by mechamcal dissociation, and could be cultured in NS- 
A basal medium (Euroclone. ScoUand) containing 2 mM 
1-glutamine. 0.6% glucose. 9.6 ^g/ml putrescinc, 6.3 



ng/ml progesterone. 5.2 ng/ml sodium selcnite 0 025 
mg/ml insulin. 0.1 mg/ml traiisfcrTin. and 2 Mg/iri of he- 
parin (sodium salt, grade U, Sigma) in the presence of 
both epidermal growth factor (EGF) and fibroblast 
growth factor 2 (FGF2). at a final concentration of 20 
ng/ml and 10 ng/ml. respectively. The required simulta- 
neous exposure to both growth factors (GFs) is an iden- 
tifying feature that distinguishes human stem ceUs from 
their rodent counterparts, as the latter can be culuired in 
the presence of each of these GFs alone (Reynolds and 
Weiss, 1992; Gritti et al., 1996). 

Two to 4 days after plating at less than 5 X 10* 
ceUs/cm2 cell death rapidly ensued. However, a minor 
subset of the total ceU plated entered an active mitotic 
state, proliferated, and gave rise to spherical, floating 
clones of cells called neurosphcres. which firet appeared 
between 7 and 15 days. Cells within the spheres were 
negative for markers of neural differentiation but ex- 
pressed the neural precursor antigen nestin. Cultures 
could then be harvejited, mechanicaUy dissociated, and 
replated as a single-cell suspension under the same cul- 
ture conditions. New spheres were generated by a-12 
days, depending on the area of origin of the ccUs. Hu- 
man stem cell cultures could be serially passaged in this 
manner for over 2 years, yielding an exponential, con- 
sistent increase in the total ceU number. Over this Ume, 
human CNS stem cells retained nestin expression and 
lacked specific markers of differentiation. However, by 
clonal analysis, these ceUs were shown to be multipo- 
tential. A single cell monitored by time-lapse raicropho- 
tography was shown to generate a neuiDsphere (Fig. 1). 
whose progeny were plated onto an Adhesive substrate 
and allowed to spontaneously differentiate following re- 
moval of GFs. By indirect immunocytocbemistry, a sin- 
gle stem ceU was seen to give rise to neurons, astrocytes, 
and oligodendrocytes, thus showing its multipotcntiality! 
The fact that similar results were obtained when clonal 
analysis was repealed at increasing subculture passages 
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demonstrates that multipolcntiality is an intrinsic feature 
of human stem cells tfiat is stably retained over lime. 

Self-renewal is an essential feature of stem cells O^o- 
effler and Poiten, 1997). Self-renewal can be achieved by 
fixed asymmetric divisions in which one stem cell gives 
rise to one differentiated cell and to one offspring iden- 
tical to itself, or at the level of cell population by a mix 
of asymmetric divisioas and symmetric cycles in which 
either two differentiated daughters or two stem cells are 
produced. In a population that expands in culture, multi- 
ple symmetric division of the last kind must occur. We 
showed this by a clonogenic assay, in which a clonal 
sphere (Fig. 1) was dissociated and its progeny replaied 
at clonal density to give rise to secondary spheres. These 
were then either subcloned once more, or differentiated 
and iminunolabeled for neuronal and glial antigens. 
These experiments showed that a single human neural 
stem cell generates multiple secondary stem cells that arc 
identical to itself and that preserve multipotential fea- 
tm-es. Hence, human stem cells are capable of self-re- 
newal and achieve this function by undergoing multiple 
symmetric divisions in which two stem cells are gener- 
ated. 

Quantitative immunofluorescence analysis of differen- 
tiated cell subtypes 4 days after differentiation was initi- 
ated showed that 13%, 75%. and 1.2% of the stem cell 
progeny differentiated into neurons (by anti-;3-tubulin- 
immunoreactiviiy; -IR), astrocytes (by glial fibrillary 
acidic prolein-IR; GFAP), and oligodendrocytes (galac- 
tocercbroside-IR; GC). respectively. Neuronal differenti- 
ation was confirmed by the immunochemical and mol- 
ecular demonstration of additional lineage markers such 
as microtubule-associated proteins 2 and 5, Tau-1 pro- 
tein, neuron-specific enolasc and neurofilaments, and by 
the detection of cells endowed with typical neuronal elec- 
trophysiological features, including the capacity to elicit 
bona fide action potentials that were reversibly inhibited 
by tctradotoxin and 4AP. More importantly, the number 
of neurons generated by serially subculoircd human CNS 
stem cells did not change over time, as the same, perr 
centage of neuronal cells could be identified in human 
CNS stem cell cultures at early and late passages (13% 
and 12.7%, respectively). Altogether, these fmdings 
demonstrate that stem cells can be isolated from the em- 
bryonic human CNS and can be consistently expanded 
in an undifferentiated state by means of GF-mediated epi- 
genetic stimulation. Over long-term subculturihg. these 
stem ceUs retain multipotentiality, consisiMit growth fea- 
tures, and an unchanged spontaneous capacity for neu- 
ronal differentiation. Additionally, human CNS stem 
cells can be cryopreserved easily and efficiently for ex- 
tended period of times. 

When differentiated stem cell progeny were analyzed 



for expression of specific neurotransmitter characteris- 
tics, only the GABA-ergic phenotype could be con- 
firmed by both detection of glutamic acid decarboxylase 
(67kD isofonn) and GABA. However, the differentia- 
tion potential of human CNS stem cells from both dien- 
cephalon and cortex appeared to be broader than ex- 
pected. In fact, both stem cell types could be induced to 
express the catecholamine synthesis-limiting enzyme ty- 
rosine hydroxylase (TH). Expression of TH occurred in 
cells expressing the neuronal marker jS-tubulin, however, 
was not a spontaneous process, as it required the simul- 
taneous exposure of cells undergoing differentiation to 
both FGF2 and Sato/N2 serum-free medium conditioned 
by a 80% confluent rat glioma cell line (BB49) for 48 
h. TH induction was gradual, peaked at a value of 6% 
of the total cell number by 5-7 days following induc- 
tion, and occurred in approximately 30% of the differ- 
entiated neuronal progeny (Vescovi et al., 1997). Ex- 
pression of TH was confirmed at the RNA and protein 
level by reverse transcription polymerase chain reaction, 
immunocylochemistry, and Western blotting (Fig. 2). 
Removal of FGF2 and glial conditioned medium did not 
result in loss of TH expression. Thus, the plasticity of 
human CNS stem cells allows for specific neuronal sub- 
types to be generated under specific differentiation con- 
ditions. 

The induction of the calccholaminergic phenotype in 
stem cells derived from human neurons underlines how 
human stem cells may be used for intracerebral transplan- 
tation in Paricinson's disease as weU as other neurological 
disorders. Hence, in a series of preliminary experiments, 
we attempted to demonstrate the engraftability of long- 
term cultured human CNS stem cells. Passages 26 through 
34 human diencephalic stem cell cultures were harvested 
4-6 days after the induction of differentiation by GF re- 
moval and plating onto polyomithine-coatcd plastic dishes. 
Cells were labeled while dividing in vitro for 6 days in the 
continuous presence of 0.75 S-hromodeoxjruridine 
(BrdU) and were mildly dissociated by extrusion through 
a narrowed, fire-polished glass pipette. Then. 1-3 ^tl of a 
2.5 X 10^ celj/jgil siispension were transplanted into theip- 
silateral striatum of adult Sprague-Dawley rats via a 30 
gauge cannula at a controlled rate of 0.1^.5 /xl/min. 
Stereotaxic coordinates were A/P, +0^; M/L, -3.1; and 
DA^. —4.8. Animals were chronically immunosuppressed 
by administration of cyclosporin cyclosporinA (Sandim- 
mune; 0.1 mg/ml) in their drinking water. Detection of in- 
jected cells was performed by immunostochemistry with 
an anti-BrdU antibody. Four and a half months foUowng 

transplantation, 12.3% of the total cell injected could be de- 
tected by anti-BrdU immunolabeling. which had migrated 
as far as 1.2 mm lostrally and 0.9 nun radially from the 
injection site. Double immunocyiochemistry showed the 
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presence of ceUs expressing either the neuronal marker 
NSE or the glial antigen GFAP among the BrdU-labeled 
cells. Neuronal differentiation was further confinned by 
the detection of ccUs expressing the human specific neu- 
rofilament antigen. Tumor formation was not observed. 



DISCUSSION 

These data confirm thai human stem ceU progeny can 
survive transplantation into the adult rodent brain, mi- 
grate from the transplantaUon site, and differentiate' into 
astrocytes and neurons. These findings support their sys- 
tematic use as donor tissue for neural transplantation, as 
they may offer several advantages to precUiucal and ciin- 
ical studies. Human CNS stem ccUs provide control over 
variables that currently affect clinical neural transplanta- 
tion, such as ceU viabUity and the composition of donor 
matenal. Additionally, since differentiaUon can be initi- 
ated by vaiying the culture conditions, donor ceUs can be 
harvested and transplanted at specific stages of matura- 
tion. Biosafcty and histocompatibility features can be pre- 
determined far ahead of the day of surgery (Olanow et 
al., 1996). 




rion'nf * T 'f''^^ from the subventriculari; 

. ^*5.>»ter^venmd«ofad«ltnonhun«mprin«,es(A/^«c« 
Single hypcmofic cells (A) prolifenled and gave rise to 
dusto. of cells (B. Q that. foBowing serial subcultSTg^e^ 

coated to gencnile a«n>glial (E: GFAP) and neural cells (F 
MAP2). Ban = A-D 20 /un. barin A: E. F 20 Mm. bar in F 
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Although the use of human OvIS stem cells will signif- 
icantly reduce the need for fetal tissue, a definitive answer 
to the moral and ethical issues raised by the use of this ma- 
terial may come only from the use of stem cells derived 
from the human aduli CNS as they may be used for ther- 
apeutic autologous tian^lantation. In a set of preliminary 
experiments, we applied the above methodology to cul- 
tures established from ihe subventricular zone of the lat- 
eral ventricles of adult nonhuman primates (JAacaca mu- 
latto), Intiiguingly, cells that underwent proliferation when 
exposed to EGF and EGF2 could consistently be isolated 
from this region. However, cell proliferation was ex- 
tremely slow, and the doubling time for these cultures ex- 
ceeded 15 days in vitro. Similarly to their rodent and hu- 
man embryonic counterparts, monkey SVZ cells ceased 
proliferation and rapidly differentialed when GFs were re- 
moved from the culture medium. Both astroglial and neu- 
ronal cells could be detected within the differentiated prog- 
eny. Unfortunately, tlie vast majority of the cells appeared 
to differentiate into astroglial cells as demonstrated by ex- 
pression of GFAP, while the detecdon of cells expressing 
the neuronal markers MAP2 and Tau-l was inftiequent 
(less than 1 % of total cell number. Fig. 3). Hence, although 
it appears that the adult primate brain contains neural pre- 
cursors capable of neuronal and glial differentiadon, it is 
clear that the proper conditions for efGcieni isolation, ex- 
pansion, and differentiation of these cells still have to be 
identified and require further investigation. Nevertheless, 
as our understanding of their basic physiology improves, 
new therapeutic approaches to neurological disorders will 
be developed in which the use and manipulation of stem 
cells may play a pivotal role. 
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